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Abstract

Background Tissue-nonspecific alkaline phosphatase (TNSALP) and intestinal alkaline phosphatase (IAP) are
functionally similar enzymes, but their relationship in hypophosphatasia (HPP) remains unexplored. This study
investigated the impact of HPP—a condition caused by ALPL gene mutations that impair TNSALP function—on
serum and fecal IAP activity.

Methods Total alkaline phosphatase (ALP) activity and isoenzyme-specific activities (using selective inhibitors:
L-homoarginine for TNSALP, L-phenylalanine for IAP) were measured in serum and stool samples from 30 HPP patients
and 30 matched healthy controls, alongside biochemical parameters correlations.

Results In serum, IAP activity showed a non-significant decrease in HPP patients compared to controls, while
TNSALP and total ALP activity were reduced in HPP patients. In stools, both total ALP and IAP activities were
significantly decreased compared to the control group. Multivariate linear regression revealed a strong positive
association between TNSALP and IAP in both serum and feces, independent of age and sex. In serum, TNSALP and
IAP were key predictors of total ALP activity (B=0.876 and B=0.745, respectively; p <0.001; R? = 0.9396), with TNSALP
also predicting serum IAP levels (B=0.164; p <0.001). In feces, IAP was the strongest predictor of total ALP activity
(B=0.921; p<0.001), and fecal TNSALP strongly predicted IAP levels (B=0.883; p <0.001). Serum TNSALP activity
correlated with bone metabolism markers, inflammation, underscoring its potential systemic role.

Conclusions AP does not seem to compensate for reduced TNSALP activity in HPP. Instead, their tight association
suggests a coordinated regulation between the two isoenzymes, with diminished fecal IAP potentially contributing to
gut inflammation in HPP. These findings clarify the interplay between TNSALP and IAP and their clinical implications.
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Background

Tissue nonspecific alkaline phosphatase (TNSALP) is
a homodimeric ectoenzyme belonging to the alkaline
phosphatase family (EC 3.1.3.1) encoded by the ALPL
gene [1]. In addition to TNSALDP, the alkaline phospha-
tase family includes three tissue-specific isoenzymes:
intestinal (IAP), placental (PALP), and germ-cell alka-
line phosphatase (GCALP). These enzymes are encoded
by the ALPI, ALPP, and ALPP2 genes, respectively. This
family of enzymes hydrolyzes monoester bonds to pro-
duce inorganic phosphate (Pi) [2]. TNSALP is a ubiqui-
tous protein that is expressed mainly in bone, liver and
kidney, although it is also expressed by other cell types,
such as neutrophils [3], lymphocytes [4] and macro-
phages [5]. The enzyme hydrolyzes inorganic pyrophos-
phate to produce Pi for hydroxyapatite synthesis. It also
dephosphorylates PLP, allowing its transport across the
blood-brain barrier and its role in neurotransmitter pro-
duction [6]. Moreover, TNSALP shares other substrates,
such as bacterial lipopolysaccharides (LPS) or adenosine
triphosphate (ATP), along with its intestinal isoenzyme
(IADP) [7].

IAPs are highly expressed in the luminal vesicles of
duodenal enterocytes and, to a lesser extent, in the jeju-
num, ileum, and colon. They contribute to intestinal
barrier homeostasis by regulating lipid absorption, mod-
ulating bicarbonate secretion through ATP dephosphor-
ylation, and detoxifying LPS [8, 9].

Mutations in the TNSALP gene results in a rare disease
called hypophosphatasia (HPP) (OMIM 241510, 241500,
146300) [10]. The mild form has a prevalence of 1/2,430
in Europe [11], with a higher estimated prevalence of
1/1,692 in Spain [12]. The main symptoms of this disease
involve impaired bone and dental mineralization. How-
ever, its clinical presentation is highly variable, ranging
from completely asymptomatic cases to profound lack
of mineralization and even death [13] Many features
overlap with more common disorders, contributing to
frequent underdiagnosis. The most common symptoms
include premature tooth loss and fractures resulting from
impaired mineralization [14, 15]However, muscle [16],
renal [17], neuronal [18] and gastrointestinal complica-
tions are also frequently reported in HPP patients [12,
19].

On the other hand, loss-of-function mutations in the
ALPI gene reduce IAP activity, compromising intestinal
barrier integrity and increasing susceptibility to inflam-
matory bowel diseases such as ulcerative colitis. This
reduction in IAP activity is also associated with com-
pensatory upregulation of TNSALP expression [20].
However, it is still unknown whether IAP itself provides
any compensatory effect in individuals carrying loss-
of-function mutations in ALPL. This study therefore
aims to investigate potential compensatory mechanisms
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involving IAP activity under conditions of absent or
reduced TNSALP function.

Materials and methods

Study design

A cross-sectional study was conducted including 30
patients with hypophosphatasia (HPP) and 30 biobank
donors for the analysis of serum alkaline phosphatase
activity, as well as 30 HPP patients and 30 healthy donors
for fecal activity determination, all matched by age and
sex. Total alkaline phosphatase activity and the activity of
the different isoenzymes were measured using a colori-
metric kit. In addition, biochemical parameters were col-
lected from HPP patients. Subsequently, an exploratory
statistical analysis was performed, including compari-
sons of medians and linear regression analyses between
patients and controls. Correlation analyses were con-
ducted exclusively in the patient group and were limited
to biochemical parameters, to evaluate the behavior of
enzymatic activities. The study design is summarized in
Fig. 1.

Study population

Thirty HPP patients were recruited from the Endocri-
nology Unit at University Hospital Clinico San Cecilio
of Granada from the 1st of January 2021 to the 31st of
December 2024. HPP patients were diagnosed follow-
ing the algorithm developed by Garcia-Fontana et al.
[19]. and any of the participants presented with thyroid
disease, disturbances in glucose homeostasis, includ-
ing diabetes mellitus, or evidence of nutritional defi-
ciencies. Serum and stool samples from HPP patients
were collected and managed through a private collec-
tion registered under code C0007146 (https://biobancos
.sciii.es/ListadoColecciones.aspx). Serum samples from
age- and sex-matched healthy controls were provided
by the Biobank and stool samples from healthy controls
matched for age, and sex were used. All participants
were informed and signed the corresponding informed
consent, and the present study was approved by the Pro-
vincial Ethics Committee of Granada (CEI-Granada) on
01/01/2024 (ref: 1872-N-23), which respected the Data
Protection Act and international regulations for human
research (Helsinki Declaration, Council of Europe Con-
vention on Human Rights and Biomedicine), as well as
Spanish legislation (Law 14/2007 on Biomedical Research
and other relevant national laws).

Biochemical parameters

For biochemical measurements, venous blood samples
and serum samples were collected in the morning after
fasting overnight; these samples were obtained from each
patient as part of routine clinical analyses and were mea-
sured via standard automated laboratory techniques. The
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Fig. 1 Graphical abstract

measured inflammatory markers included calprotectin,
C-reactive protein (CRP), interleukin 6 (IL6). For bone
metabolism, the levels of bone-specific alkaline phos-
phatase (BALP), osteocalcin, N-terminal propeptide of
type I collagen (P1NP), collagen type I C-terminal telo-
peptide (CTX), intact parathyroid hormone (iPTH),
and 25-hydroxyvitamin D (25(OH)D) were determined.
Plasma PLP levels were measured via high-pressure liq-
uid chromatography (HPLC) at the Clinical Unit of the
University Hospital Nifio Jests (Madrid).

Alkaline phosphatase activity
Alkaline phosphatase (ALP) activity was measured in the
serum and stool samples at 405 nm via an alkaline phos-
phatase detection kit (Abnova) according to the manu-
facturer’s recommended protocol. To determine the
specific activities of the IAP and TNSALP isoenzymes, 10
mM specific inhibitors (L-phenylalanine and L-homoar-
ginine, respectively) were added, and the samples were
incubated at 37 °C for 15 min before their activities in the
serum and stool samples were determined.

Serum samples were measured directly, and activities
are expressed as IU/L. In contrast, stool samples were
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mechanically disrupted in a PBS solution containing pro-
tease inhibitors. The samples were then filtered through a
22 um pore diameter filter to remove solid debris. Finally,
the protein concentration was determined for each sam-
ple via the Bradford method, and the enzyme activity was
expressed as IU/g.

Statistical analysis

The statistical power calculation was performed via
G*Power 3.1.9 software. A one-tailed post hoc analysis
was conducted via Fisher’s exact test, assuming a sig-
nificance level of 5% and observed group proportions
of 70% and 30%, with 30 participants in each group; the
statistical power reached 90%. As this was an exploratory
study, non-parametric methods were used for hypoth-
esis testing in order to ensure robustness against poten-
tial deviations from normality and small sample sizes.
The detection of statistically significant differences using
non-parametric tests suggests that the observed effects
are robust. Comparisons between two groups were per-
formed using the Wilcoxon test, while comparisons
among more than two groups were carried out using
the Kruskal-Wallis’ test. Multiple comparisons were
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adjusted using the false discovery rate (FDR) correc- Results
tion. Homoscedasticity and normality of residuals were  Total ALP, TNSALP and IAP activities in serum and stool
assessed by visual inspection of residuals versus fitted samples

values plots and Q-Q plots, respectively, in the multi-
variable linear regression models. Fecal data were logl0-
transformed to improve homoscedasticity. Variance
Inflation Factor (VIF) values were calculated to find mul-
ticollinearity between variables. The model fit was mea-
sured by R? and only those variables with a p-value <0.05
and 95% Confidence Intervals (95% CI) were considered
statistically significant. Spearman correlations were used
to determine the correlations of each isoenzyme with the
other biochemical variables of the HPP patients. P values
less than 0.05 were considered significant. The figures
and the statistical analysis were performed by RStudio.

In the control group, the total serum ALP activity was
43.7+2.69 IU/L with no significant differences from
TNSALP activity (35.8+2.4 IU/L; p=0.138), which rep-
resents the main contribution to total ALP activity in
serum. Regarding IAP activity, it was significantly lower
(10.6+0.89 IU/L) compared to the other two activities
(p<0.001 for both) (Fig. 2a).

In HPP patients, total ALP activity was 26.4+1.56
IU/L, TNSALP activity was 17.0+0.9 IU/L and IAP activ-
ity remained the lowest compared to other two activities
(9.49+0.9 IU/L). All comparisons were statistically signif-
icant (p<0.001). Despite the presence of loss-of-function
mutations, TNSALP activity persisted as the predomi-
nant enzymatic activity in serum, remaining higher than
IAP activity in HPP patients (Fig. 2b).

In the control stool samples, total ALP activity was
1.03+0.375 IU/g being the IAP activity the main
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Fig. 2 Total, tissue non-specific and intestinal ALP activities in serum from (a) healthy controls (n=30) and (b) HPP patients (n=30). Total, tissue non-
specific and intestinal ALP activities in stool from (c) healthy donors (n1=29) and (d) HPP patients (n=25). A Kruskal-Wallis test was performed for multiple
comparisons and p-values were adjusted by FDR correction <0.05 (¥), <0.01 (**), <0.001 (***)
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contributor (1.03+0.383 IU/g), whereas TNSALP activ-
ity was markedly lower compared to other activities
(0.336+£0.12 IU/g; p=0.031 vs. ALP, p=0.044 vs. IAP)
(Fig. 2¢).

In the HPP group, total fecal ALP activity was
0.151+0.021 IU/g. IAP activity was significantly lower
compared to total ALP activity (0.099+0.0157 IU/g;
p=0.0312) and TNSALP remained as the lowest activ-
ity (0.055+0.008 IU/g) compared with total ALP activity
(p<0.001) and IAP (p=0.045) (Fig. 2d).

Then, comparisons between controls and HPP patients
regarding total ALP, TNSALP and IAP activities in both
serum and stool were performed.

Serum total ALP activity was significantly lower in
HPP patients than in controls, as expected (p<0.001),
TNSALP activity was significantly lower in all

a
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comparisons (p<0.001). Regarding IAP, it showed a
slight decrease in HPP patients compared to controls
(p=0.094) (Fig. 3a).

In the HPP group, total ALP activity in stools was
significantly lower compared to the control group
(p=0.042). Similarly, IAP activity was significantly
reduced in the HPP group compared to controls
(p=0.007). However, no significant differences were
observed in TNSALP activity between the HPP and con-
trol groups (p =0.1004) (Fig. 3b).

Multivariate linear regression analysis of ALP isoenzymes
in serum and feces

Multiple linear regression analysis revealed that both
TNSALP and IAP activities are independent and sig-
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Fig. 3 (a) Differences in total serum ALP, IAP and TNSALP activities between healthy controls (n=30) and HPP patients (n=30). (b) Differences in total
ALP, IAP and TNSALP activities in stool between healthy controls (n=29) and HPP patients (n=25). A Mann-Whitney test was performed for two groups

comparisons. P-value <0.05 (¥), <0.01 (**), <0.001 (***)
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Table 1 Predictive variables of total ALP serum levels
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Table 4 Predictive variables of stool IAP levels

ALP (R*=0.9396)

Log10(IAP) (R>=0.8002)

B [95% Cl p VIF B [95% Cl] p VIF
Intercept 4.595[0.930-8.260] 0.015 Intercept 0.315[0.019-0.611] 0.0375
IAP 0.745[0.526-0.964] <0.001 1.281 Log10(TNSALP) 0.883[0.747-1.020] <0.001 1.009
TNSALP 0.876 [0.795-0.956] <0.001 1.301 AGE -0.003[-0.008-0.002] 0.242 1.011
AGE -0.032[-0.919-3.113] 0.263 1.11 SEX 0.112[-0.060-0.285] 0.196 1.011
SEX 1.097[-0.089-0.025] 0.28 1.097 Multivariable linear regression of total serum ALP. IAP: intestinal alkaline

Multivariable linear regression of total serum ALP. ALP: total alkaline
phosphatase; IAP: intestinal alkaline phosphatase; TNSALP: tissue non-specific
alkaline phosphatase; Cl: confidence interval; VIF: variance inflation factor

Table 2 Predictive variables of serum IAP levels
IAP (R*>=0.3633)
B [95% Cl] p VIF

Intercept 4.286[1.463-7.108] 0.003

TNSALP 0.164[0.108-0.221] <0.001 1.025
AGE 0.028[-0.0185-0.074] 0.232 1.085
SEX -1.027[-2.643-0.589] 0.208 1.105

Multivariable linear regression of total serum ALP. IAP: intestinal alkaline
phosphatase; TNSALP: tissue non-specific alkaline phosphatase; Cl: confidence
interval; VIF: variance inflation factor

Table 3 Predictive variables of total stool ALP activity
Log10(ALP) (R*>=0.9695)
B [95% ClI] p VIF

Intercept 0.011[-0.93-0.115] 0.834

Log10 (IAP) 0.921[0.829-1.013] <0.001 3.186
Log10 (TNSALP) -0.051[-0.120-0.018] 0.145 3314
AGE 0[-0.002-0.001] 0.761 1.058
SEX 0.005[-0.064-0.074] 0.883 1.075

Multivariable linear regression of total serum ALP. ALP: total alkaline
phosphatase; IAP: intestinal alkaline phosphatase; TNSALP: tissue non-specific
alkaline phosphatase; Cl: confidence interval; VIF: variance inflation factor

showed the strongest contribution, indicating that both
isoenzymes contribute positively and independently to
serum ALP activity. The regression model demonstrated
an excellent fit, explaining 90.3% of the variability in
serum ALP levels, with no additional significant effects
from confounding variables such as age or sex. These
results are detailed in Table 1.

Furthermore, a strong positive association was iden-
tified between TNSALP and IAP activities in serum,
suggesting a physiological interplay between both isoen-
zymes. Specifically, for every unit increase in TNSALP
activity, serum IAP levels increased proportionally by an
average of 0.164 units. However, this secondary model
explained a more modest proportion of IAP variability
(adjusted R* = 0.3633), implying that other regulatory
mechanisms may also influence IAP levels (Table 2).

For fecal samples, linear regression analyses using
log10-transformed data showed that IAP activity was the
principal determinant of total ALP levels. A highly signif-
icant association was observed, indicating that a 10-fold
increase in IAP levels was associated with an approximate

phosphatase; TNSALP: tissue non-specific alkaline phosphatase; Cl: confidence
interval; VIF: variance inflation factor

8.3-fold increase in fecal ALP activity. This model exhib-
ited an excellent fit (adjusted R* = 0.965), highlighting the
dominant role of IAP in intestinal ALP activity. By con-
trast, no significant relationship was found between fecal
TNSALP and total ALP (Table 3).

Notably, a robust and significant association was iden-
tified between fecal TNSALP and fecal IAP activities
(B=0.883; 95% CI: 0.747-1.019; p<0.001), with each
10-fold increase in TNSALP corresponding to an aver-
age increase of 7.62-fold increase in IAP. This model
explained 80.0% of the variability in fecal IAP levels
(adjusted R* = 0.8002), supporting a physiologically rel-
evant interaction between both isoenzymes at the intesti-
nal level (Table 4).

Bone and inflammatory markers associated with the
activity of ALP isoenzymes in serum and stools of HPP
patients

HPP patients presented a distinct biochemical pro-
file characterized by elevated PLP and iPTH levels and
reduced 25(OH)D levels and BALP isoform. From an
inflammatory standpoint, both IL-6 and fecal calprotec-
tin were elevated beyond reference values. All measured
variables are detailed in the Supplementary Material
(Table S1).

To further investigate the relationship between ALP
isoenzyme activity and clinical parameters, Spearman’s
correlation analyses were conducted. These analyses
included measurements of total ALP activity in serum
and feces, as well as the specific isoenzymes TNSALP
and IAP, in relation to markers of inflammation and bone
metabolism.

As shown in Fig. 4, serum total ALP activity was posi-
tively correlated with fecal calprotectin and BALP levels.
Serum TNSALP activity also demonstrated significant
positive correlations with several bone turnover mark-
ers, including BALP, PINP, and CTX, as well as with the
inflammatory marker CRP.

By contrast, no significant associations were observed
for serum IAP or fecal TNSALP activities with any of the
bone or inflammatory markers analyzed. Interestingly,
in fecal samples, both total ALP and IAP activities were
inversely correlated with P1NP levels.
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Fig. 4 Spearman’s rho correlation between ALP activities with biochemical parameters in serum and stool. (* = p<0.05). 25(OH)D: 25-hydroxyvitamin
D, iPTH: intact parathyroid hormone, BALP: bone-specific alkaline phosphatase, PTNP: amino-terminal propeptide of procollagen type 1, CTX: Carboxy-
terminal Telopeptide of Collagen Type |, CRP: C-reactive protein, IL6: Interleukin 6

Discussion

This study offers a detailed characterization of the ALP
isoenzymes in serum and feces, providing new insights
into HPP-related enzymatic profiles. Our findings con-
firm a marked reduction in serum TNSALP activity in
HPP patients and identify concurrent alterations in IAP,
indicating that the systemic effects of TNSALP deficiency
extend beyond skeletal manifestations.

Under physiological conditions, TNSALP is the major
ALP isoenzyme in serum [21]. IAP activity is produced by
the pancreas, liver and kidney [22] beyond the intestine,
but its contribution to serum ALP is minimal [23, 24]. By
contrast, IAP constitutes the main source of ALP activity
in feces [20, 25]. Any TNSALP activity detected in fecal
samples could be attributable, at least in part, to bacterial
ALP produced by members of the gut microbiota. Sev-
eral Gram-negative bacteria, including Escherichia colj,
Bacteroides spp., and some Bacillus strains, are known
ALP producers [26-28]. Although bacterial ALP could
contribute to ALP activity in stool, our data reinforce the
role of IAP as the main contributing isoenzyme in stool
under physiological conditions [29] and TNSALP repre-
sents a minimal contribution in this context.

Multiple linear regression analyses demonstrated that
both serum TNSALP and IAP act as independent predic-
tors of total ALP activity in serum. Additionally, TNSALP
activity was found to predict serum IAP activity. How-
ever, model fitting suggests that other, yet unidentified,
factors may substantially influence serum IAP regulation.
In the fecal samples, IAP was the only isoenzyme signifi-
cantly associated with total ALP activity, with an excel-
lent model fit. Notably, multivariable regression revealed
that fecal TNSALP activity was a predictor of fecal IAP
levels independently of age and sex. These results reveal
differential contributions and interrelationships of

TNSALP and IAP in serum and fecal compartments, sug-
gesting distinct but complementary physiological roles
for each isoenzyme.

Some studies have reported that the increase in fecal
IAP activity might reflect a compensatory or protec-
tive host response to modulate bacterial enzyme activity
and maintain intestinal homeostasis under conditions of
microbial imbalance or overgrowth [30]. In this context,
increased IAP has been observed to promote the growth
of intestinal bacteria in mice through nucleotide triphos-
phate dephosphorylation [29].

By contrast, our findings demonstrate a significant
reduction in fecal IAP activity in HPP patients, suggest-
ing an impairment of this protective intestinal mecha-
nism. Beyond its potential contribution to intestinal
dysbiosis, a marked decrease in IAP activity is biologi-
cally relevant, as it may trigger a cascade of downstream
alterations that have not previously been considered in
the context of HPP and are often interpreted as unrelated
comorbidities. Reduced IAP activity has been associ-
ated with increased intestinal permeability [31], altered
cholesterol metabolism [32], and a higher susceptibility
to metabolic syndrome through mechanisms involving
insulin resistance [7] and obesity [33] in murine models.
In addition, low IAP activity predisposes to enhanced
intestinal inflammation and has been linked to acceler-
ated intestinal aging [31]. Notably, our results indicate
that, rather than compensating for TNSALP deficiency
in HPP patients, IAP activity appears to be influenced by
TNSALP activity. This relationship suggests that reduced
TNSALP may lead to a secondary decrease in IAP activ-
ity, thereby contributing to the systemic manifestations
of the disease. This interpretation is consistent with the
high prevalence of digestive and inflammatory alterations
reported in patients with HPP [12, 19].
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Agreeing, our results show that total serum ALP activ-
ity is related to fecal calprotectin, which is considered an
intestinal inflammatory biomarker [34], whereas serum
TNSALP activity is more related to bone metabolism.
Although the relationship between serum TNSALP
activity and fecal calprotectin did not reach statistical sig-
nificance (probably due to the limited sample size of 30),
the trend became significant when total serum ALP was
analyzed. This suggests that TNSALP plays a predomi-
nant role in serum activity. Furthermore, TNSALP exhib-
ited a significant inverse correlation with CRP, indicating
that reduced TNSALP activity in pathological conditions
may contribute to inflammation. Nevertheless, these
correlation analyses should be interpreted with caution,
as the observed correlation coefficients were in the low-
to-moderate range (r < 0.5). Therefore, despite their sta-
tistical significance, the strength of these associations is
moderate and may be overestimated in the context of a
relatively small sample size, highlighting the need for val-
idation in larger cohorts.

Notably, in fecal samples, both total ALP and IAP
activities exhibited a significant inverse correlation with
serum P1NP levels, a key marker of bone formation. Since
IAP is the predominant ALP isoenzyme in the intestine,
it is biologically plausible that the association observed
between total fecal ALP and PINP is mainly driven by
IAP activity. Accordingly, the correlation observed for
fecal IAP reached a moderate-to-strong magnitude (r
> 0.5), whereas the association for total fecal ALP was
weaker (r = 0.43), likely reflecting the contribution of
non-IAP components to total ALP activity. Therefore,
although both associations reached statistical signifi-
cance, the lower correlation coefficient observed for total
fecal ALP suggests a partial dilution of the relationship
and indicates that this finding should be interpreted with
caution. These findings suggest a potential link between
intestinal enzymatic activity and systemic bone remodel-
ing in patients with HPP. Although causality cannot be
determined, the inverse relationship that was observed
may be indicative of subclinical intestinal alterations that
negatively influence bone formation. These alterations
may be due to impaired nutrient absorption or low-grade
intestinal inflammation. This hypothesis aligns with the
concept of the gut—bone axis, which has been previously
described in conditions such as inflammatory bowel dis-
ease [35] and metabolic syndrome [36], where chronic
intestinal inflammation is associated with reduced bone
formation. In these cases, chronic intestinal inflamma-
tion has been associated with reduced bone formation.
In this context, IAP plays a central role in maintaining
intestinal homeostasis, which is essential for adequate
bone health. This is because efficient absorption of cal-
cium, phosphate, and other nutrients critical for bone
mineralization primarily occurs in the intestine [37].
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Consequently, reduced IAP activity may contribute to an
inflammatory intestinal environment, which can hinder
nutrient uptake and potentially have a negative impact on
bone formation and mineralization. Taken together, our
results suggest that intestinal dysfunction may influence
bone remodeling processes in HPP through alterations in
IAP activity.

To date, no literature has described the molecular regu-
latory mechanisms linking these ALP isoenzymes, and
this is the first study to investigate the impact of TNSALP
deficiency on IAP activity. A hypothetical explanation is
that reduced TNSALP activity may promote a chronic
low-grade inflammatory state that secondarily suppresses
IAP expression through NF-kB-mediated pathways.
Activation of NF-«kB increases the bioactive form of IL-1p
[38] and activates TNF-a expression [39], both of which
have been shown to downregulate IAP. In this context,
NF-«B activation could arise from excessive stimulation
of TLR4 by bacterial LPS [40] or from ATP binding to
purinergic P2 x 7 [41] receptor (both LPS and extracel-
lular ATP are known substrates of TNSALP [42]). Thus,
impaired TNSALP activity may lead to the accumulation
of these pro-inflammatory molecules, enhancing TLR4
and purinergic signaling and thereby triggering NF-«xB
activation. Consequently, the loss of TNSALP would not
directly repress IAP but would create an inflammatory
environment that, via NF-kB signaling, contributes to
reduced IAP expression.

Some limitations of this study should be acknowl-
edged to appropriately contextualize the findings. First,
although the sample size is in line with other studies
in rare diseases, a larger cohort would be desirable to
strengthen the statistical robustness further and improve
the generalizability of the results. In addition, the cross-
sectional design limits the ability to draw temporal or
causal conclusions regarding the relationship between
TNSALP and IAP activities, highlighting the value of
future longitudinal studies. Another aspect to consider
is the lack of direct characterization of the microbiota.
Given the known influence of the intestinal microbiota
on intestinal alkaline phosphatase activity, future stud-
ies would benefit from the direct characterization of
the intestinal microbiota to better understand its role in
the regulation of intestinal alkaline phosphatase activ-
ity. This approach may also help to elucidate potential
microbiota-mediated mechanisms linking hypophos-
phatasia to intestinal homeostasis and inflammation.
Moreover, several regression models yielded very high
adjusted R® values (>0.9), which may partially reflect the
intrinsic biochemical dependency between the analyzed
isoenzymes, particularly in the context of the moderate
sample sizes included in the study. As a formal cross-val-
idation strategy was not implemented, the possibility of
some degree of model overfitting cannot be completely
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ruled out. Therefore, these models should be interpreted
primarily as descriptive of the observed biochemical
relationships rather than as predictive tools. Future vali-
dation in independent and larger cohorts will be neces-
sary to assess the robustness and predictive stability of
these findings.

It is worth noting that, in the context of HPP, the
decrease in TNSALP activity is not accompanied by a
compensatory increase in IAP activity. On the contrary,
IAP activity is also significantly reduced, particularly
in the intestinal environment. These results contradict
those of Parlato et al., who observed increased TNSALP
expression in the mucosa of patients with IAP loss-of-
function mutations [20]. This absence of compensatory
response may play a role in the development of low-grade
intestinal inflammation. Previous studies have indi-
cated a link between reduced IAP activity and mucosal
immune dysregulation [8, 43]. For instance, studies have
shown that individuals with type 2 diabetes mellitus have
reduced IAP levels [7, 25]. This condition is often linked
to low-grade gut inflammation and dysbiosis [44]. Fur-
thermore, genetic mutations affecting IAP expression
have been involved in the pathogenesis of ulcerative coli-
tis [20, 45], underscoring the enzyme’s pivotal role in pre-
serving intestinal barrier integrity and immune tolerance.
Research has shown that there is a link between reduced
IAP activity and necrotizing enterocolitis and Crohn’s
disease [46, 47]. Specifically, the decline in IAP activity
corresponds with the severity of the disease and impaired
intestinal defense mechanisms. Therefore, in HPP, the
concurrent reduction in both TNSALP and IAP activity
may exacerbate susceptibility to intestinal inflammation,
further expanding the systemic implications of this enzy-
matic deficiency beyond bone metabolism.

Conclusions

Our findings reveal a distinct enzymatic pattern in HPP,
driven by profound TNSALP deficiency and accom-
panied by reductions in IAP activity, particularly at the
intestinal environment. The decrease in the coordinated
activity between these isoenzymes in HPP, together with
associated systemic and intestinal alterations, under-
scores the importance of TNSALP not only in bone min-
eralization but also in broader physiological processes.
These data do not support a compensatory relationship
between TNSALP and IAP but instead suggest that the
loss of TNSALP activity disrupts the equilibrium and
functional interplay of ALP isoenzymes. Thus, rather
than a compensatory response, the systemic impact
of TNSALP deficiency also affects IAP activity, possi-
bly through shared regulatory mechanisms favoring the
development of an inflammatory environment in HPP
patients.
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