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Abstract

Background/Objectives: Increasing evidence suggests that metabolic dysfunction-associated
steatotic liver disease (MASLD) and hypertension (HTN), a well-established cardiometabolic
risk factor, both negatively impact bone metabolism. This study aimed to investigate the

associations between bone turnover markers (BTMs)—namely, osteopontin (OPN) and

procollagen type 1 N-terminal propeptide (P1NP)—and metabolic health indicators, non-
invasive measures of liver disease severity, as well as skeletal muscle mass (SMM), muscle

strength, and bone mineral density (BMD) in patients with MASLD and HTN. Methods:

We enrolled 117 patients diagnosed with MASLD and HTN and conducted anthropometric

measurements, laboratory analyses, abdominal ultrasound, and point shear-wave elas-
tography. Muscle strength was evaluated using grip strength measurements and the Five

Times Sit-to-Stand Test (FTSST). SMM and BMD were quantified using dual-energy X-ray

absorptiometry (DEXA). Serum OPN and PINP concentrations were quantified using

enzyme-linked immunosorbent assays (ELISAs). Results: Serum OPN concentrations be-
low 2.89 ng/mL were associated with significantly elevated levels of AST (p = 0.001), ALT

(p = 0.006), and GGT (p = 0.025), while serum P1NP concentrations above 47.5 pg/mL were

associated only with significantly elevated GGT levels (p = 0.024). In addition, patients with

MASLD and HTN with lower serum OPN levels had higher liver stiffness values (p = 0.003).
Serum OPN concentrations were inversely associated with the following metabolic health

indicators: waist circumference (WC, p < 0.001) and epicardial fat thickness (EFT, p = 0.001).
In addition, they were significantly elevated in patients with MASLD and HTN who had

decreased spinal BMD (p = 0.017). In turn, serum P1NP levels were reduced in patients with

decreased SMM (p = 0.023). Conclusions: These findings in patients with MASLD and HTN

suggest an association between serum P1NP levels and SMM, and between OPN levels

and spinal BMD, indicating a potential interplay among liver function, muscle mass, and

bone health. Furthermore, OPN appeared to be strongly associated with overall metabolic

health indicators, such as WC and EFT, whereas P1NP exhibited a stronger association

with muscle mass.

Keywords: metabolic dysfunction-associated steatotic liver disease (MASLD); hypertension
(HTN); bone mineral density (BMD); osteopenia; osteoporosis; bone turnover markers
(BTMs); osteopontin (OPN); procollagen type 1 N-terminal propeptide (P1NP)
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1. Introduction

The increasing global adoption of Western diets, combined with sedentary lifestyles
and rising obesity rates, has led to a significant increase in the prevalence of metabolic
dysfunction-associated steatotic liver disease (MASLD), which now affects 25-37.8% of the
population [1,2]. This rise in MASLD incidence parallels an increased prevalence of associ-
ated metabolic comorbidities, including hypertension (HTN) [3], type 2 diabetes mellitus
(T2D) [4], obesity, and hyperlipidemia [5,6], collectively contributing to the development of
multi-organ metabolic syndrome [7].

Hypertension is frequently observed as a comorbidity in patients with MASLD. More-
over, HTN is a recognized cardiometabolic risk factor, and the presence of at least one
such risk factor is required for a diagnosis of MASLD, according to the 2023 diagnostic
criteria [8]. A 2022 meta-analysis and systematic review encompassing 11 observational
studies conducted in the USA, Asia, and Europe (n = 390,348; 52% male, 48% female)
demonstrated that MASLD is associated with a 66% increased risk of developing HTN [9].
Conversely, MASLD is significantly more prevalent among individuals with obesity and
HTN (30.9%) compared to those with normal blood pressure (12.7%) [10].

Growing evidence indicates that both MASLD [9,11-13] and HTN [14] can negatively
impact bone metabolism. Specifically, MASLD is associated with decreased bone mineral
density (BMD) and an elevated risk of osteoporosis and osteoporotic fractures [9]. Hepatic
osteodystrophy, a metabolic bone disease secondary to chronic liver disease, represents
a significant but frequently underrecognized complication [11,12]. The prevalence of
osteoporosis in patients with MASLD ranges from 10% to 40%, substantially exceeding
that of the general population. Furthermore, the presence of MASLD is associated with a
2.5-fold increased risk of osteoporotic fractures, and lower BMD values correlate with more
pronounced hepatic disease activity [9,13,15].

Concerning HTN, a meta-analysis by Z. Ye et al. (2017) [14], encompassing 17 studies
and 39,491 patients (13,375 with essential HTN and 26,116 with secondary HTN), indi-
cated that elevated blood pressure is associated with an increased risk of decreased BMD.
Moreover, the extent of BMD reduction varied depending on the skeletal site and geo-
graphic region [14]. In another meta-analysis, C. Li et al. (2017) [16] found that osteoporotic
fractures were 33% more prevalent in over 1.4 million patients with arterial hypertension
compared to those without. This association was consistent across populations in Asia and
Europe [16].

The pathogenesis of decreased BMD in MASLD, with or without coexisting HTN, is
multifactorial, including liver-derived pro-inflammatory cytokines, vitamin D deficiency,
and reduced physical activity [17]. Recent research has also focused on osteokines, biolog-
ically active molecules synthesized and secreted by bone tissue, specifically osteopontin
(OPN) and procollagen type 1 N-terminal propeptide (P1NP). Notably, these markers are
implicated not only in bone metabolism but also in the development and progression of
MASLD and HTN. Indeed, elevated plasma OPN levels have been reported in patients
with MASLD, with a positive correlation between OPN concentration and the stage of
liver fibrosis [18,19]. Furthermore, associations between serum OPN concentrations and
hepatic failure, portal hypertension, and hepatocellular carcinoma (HCC) have also been
reported [18,20-22]. Consequently, OPN is being investigated as a potential therapeutic
target in chronic liver diseases and HCC.

Increasing evidence underscores the important role of osteopontin (OPN) as a mediator
of inflammation and vascular remodeling, particularly in large arteries. For instance, K.
Miyoshi et al. demonstrated that plasma OPN concentrations may serve as a useful marker
for predicting improvements in aortic stiffness (assessed via the augmentation index) during
antihypertensive therapy [23]. In another study, using both OPN knockout and wild-type
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mice with hypertension induced by a 7-day infusion of angiotensin II, the authors found
that aortas from OPN knockout mice were protected from angiotensin II-induced medial
hypertrophy and inflammation. This protective effect occurred despite similar increases in
systolic blood pressure observed in both wild-type and OPN knockout groups [24].

Regarding PINP, M. Luger et al. demonstrated a significant association between
its serum concentrations and the stage of liver fibrosis in postmenopausal women with
T2D [25]. Elevated P1NP levels were associated with a 3.65-fold increased risk of advanced
liver fibrosis. In addition, in patients with a mean body mass index (BMI) of 44 kg/m?,
more advanced stages of liver fibrosis were independently associated with elevated P1INP
levels [25]. Separately, Y. Mao et al. demonstrated that the administration of specific
antihypertensive drugs—namely, hydrochlorothiazide and benazepril—to spontaneously
hypertensive ovariectomized rats led to a significant restoration of PINP and C-terminal
telopeptide of type I collagen (CTX) concentrations, along with improvements in bone
microarchitecture [26].

Cumulatively, the aforementioned data suggest that (1) MASLD and HTN are as-
sociated with decreased BMD, (2) bone turnover markers, OPN and P1NP, are not only
involved in the regulation of bone metabolism but also play a key role in the progression
of MASLD and vascular remodeling in HTN, and (3) the coexistence of osteoporosis with
MASLD and HTN exacerbates long-term morbidity and negatively affects patients’ quality
of life [27]. In contrast, physical exercise, a cornerstone of lifestyle modification for both
MASLD and HTN, favorably impacts bone health by increasing BMD. However, caution is
advised, as certain physical activities (e.g., running, jumping, specific yoga poses, forward
bends, torso twists, tennis, and bowling) may elevate the risk of fractures in individu-
als with osteopenia or osteoporosis [28]. In clinical practice, two key considerations are
paramount in the management of patients with MASLD, including those with co-existing
conditions, such as HIN: (1) assessing BMD, particularly in patients with additional risk
factors for osteopenia/osteoporosis (e.g., postmenopausal women, individuals with a his-
tory of osteoporosis-inducing medication use, and those with sarcopenic obesity); and
(2) providing personalized recommendations regarding appropriate and beneficial physical
activities and dietary interventions. Therefore, investigating serum levels of osteokines,
such as OPN and P1NP, in patients with MASLD and HTN may help clarify their associa-
tion with decreased BMD. This could facilitate the use of these biomarkers for diagnosing
osteopenia or osteoporosis, particularly in settings where dual-energy X-ray absorptiometry
(DEXA) is unavailable or contraindicated (e.g., patients weighing over 130 kg, pregnant
women) [29].

This study aimed to investigate serum concentrations of OPN and P1NP in patients
with MASLD and HTN and examine their associations with metabolic health indicators,

non-invasive measures of liver disease severity, as well as SMM, muscle strength, and BMD.

2. Materials and Methods
2.1. Patients

All consecutive, unselected patients with both MASLD and HTN who presented
to the outpatient department of the National Medical Research Center for Therapy and
Preventive Medicine, Ministry of Healthcare of the Russian Federation, between January
2024 and January 2025 were enrolled in this single-center, cross-sectional study. Patients
were included if they met the inclusion criteria and did not meet any of the exclusion
criteria. The study protocol was approved by the local Ethics Committee (protocol No.
01-03/20, 23 January 2020). Written informed consent was obtained from all participants
prior to enrollment.

. Inclusion criteria:



Metabolites 2025, 15, 459

40f19

Age 20-70 years.

Sonographic evidence of liver steatosis.
Absence of other causes of liver steatosis.
Established diagnosis of HTN.

Signed informed consent.

o O O O O

Exclusion criteria: concomitant liver disease; alcohol abuse (defined as a score > 8
on the Russian version of the Alcohol Use Disorders Identification Test [RUS-AUDIT]);
mental disorders; acute infectious diseases; exacerbation of chronic non-communicable
diseases (within four weeks prior to enrollment); active oncologic disease without curative
treatment; uncontrolled HTN; inflammatory bowel disease; type 1 diabetes mellitus; hy-
poparathyroidism; chronic kidney disease requiring dialysis; pregnancy or breastfeeding;
lower limb fractures within 6 months before this study with ongoing functional limitations;
any clinically significant disorders or diseases that impair mobility or self-care; and the
absence of signed consent.

All study procedures, including patient interviews, physical examinations, anthro-
pometric measurements (waist circumference (WC) and hip circumference (HC), height,
weight), laboratory tests (including complete blood count, biochemical panel, and assess-
ment of serum osteokine concentrations), abdominal ultrasound, and point shear-wave
elastography of the liver (using the Philips Affiniti 70 device; Philips, Amsterdam, the
Netherlands) were performed during a single visit to the study center.

2.2. Diagnosis of Metabolic Dysfunction-Associated Steatotic Liver Disease and Hypertension

The diagnosis of MASLD was based on the 2023 expert consensus statement, requiring
the presence of the following three key criteria: (1) sonographic evidence of hepatic steatosis
(increased echogenicity of the liver compared to the renal cortex, decreased visibility of
vessels within the liver parenchyma, and/or attenuation of the ultrasound signal at the
liver periphery); (2) at least one cardiometabolic risk factor (detailed elsewhere [8]); and
(3) exclusion of other etiologies of steatotic liver disease. This latter criterion primarily
applied to patients with serum ALT activity exceeding 33 U/L (males) or 25 U/L (females),
who underwent further testing to rule out other causes of hepatic steatosis (i.e., markers
of hepatitis B and C viruses) [30]. Furthermore, all patients completed the RUS-AUDIT
questionnaire and were excluded from the study if their score was >8.

To further assess the likelihood of hepatic steatosis, the Fatty Liver Index (FLI) was
calculated [31]. An FLI value less than 30 (negative likelihood ratio = 0.2) was considered
effective in ruling out hepatic steatosis, whereas an FLI value of >60 (positive likelihood
ratio = 4.3) was considered indicative of hepatic steatosis [31].

The degree of liver fibrosis was assessed using point shear-wave elastography, adher-
ing to established reliability criteria for liver stiffness assessment [32,33].

Hypertension was diagnosed based on patient history and available medical records
and classified as: grade 1 HTN (systolic blood pressure [SBP] 140-159 mmHg and/or
diastolic blood pressure [DBP] 90-99 mmHg); grade 2 HTN (SBP 160-179 mmHg and/or
DBP 100-109 mmHg); and grade 3 HTN (SBP > 180 mmHg and/or DBP > 110 mmHg) [34].

2.3. Anthropometric Measurements

Body weight was measured using electronic floor medical scales (VMEN-200-50/100-1-
ST-A, TVES LLC, Tambov Oblast, Tambov, Russia) placed on a flat, smooth surface. Height
was measured using a stadiometer (R-St-MSK, MSK-234; Medstalkonstruktsiya LLC, Ufa,
Russia) following standard procedures. Body mass index (BMI) was calculated as body
weight (kg) divided by height squared (m?).
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Waist circumference (WC) and hip circumference (HC) were measured in standing
patients, ensuring the stomach was relaxed, arms were loosely lowered, and heels were
together. WC was measured with a tape measure at the narrowest point of the abdomen
(i.e., the natural waist) at the end of a normal exhalation, with the tape held snug against
the clothing but without compressing the skin. HC was measured by placing the tape
measure around the hips at the point of maximum protrusion of the buttocks.

2.4. Skeletal Muscle Mass and Bone Mineral Density Assessment

Skeletal muscle mass and BMD were assessed using dual-energy X-ray absorptiometry
(DEXA). The following DEXA parameters were recorded: skeletal muscle mass (SMM);
appendicular skeletal muscle mass (ALM, i.e., SMM from both legs and arms); and lumbar
spine and femoral neck BMD. To assess for reduced SMM, the appendicular lean mass-to-
body weight ratio (ALM/W) was calculated from DEXA results, representing the sum of
lean muscle mass in the upper and lower limbs, adjusted for patient weight. Reduced SMM
was defined as ALM /W values of <28.27% for males and <23.47% for females [35]. Os-
teopenia was diagnosed according to World Health Organization criteria (T-scores ranging
from —1.0 to —2.5), and osteoporosis was diagnosed when T-scores were <—2.5 [36].

2.5. Muscle Strength Assessment

Arm and leg muscle strength were assessed by measuring grip strength (GS) and
administering the Five Times Sit-to-Stand Test (FTSST) [37,38]. GS of the dominant hand
was measured using a hand-held mechanical dynamometer (DK-50, NTMIZ CJSC, Nizhny
Tagil, Russia). Patients were instructed to squeeze the dynamometer as forcefully as
possible on three separate occasions, with a 60 s rest between each attempt. Decreased GS
was defined as <30 kg for males with a BMI of 26.1 to 28 kg/ m2, <32 kg for males with
a BMI > 28 kg/mz, <18 kg for females with a BMI of 26.1 to 29 kg/mz, and <21 kg for
females with a BMI > 29 kg/ m? [37].

All patients also performed the FTSST, following the methodology described previ-
ously [39,40]. Prolonged completion of the FTSST (i.e., >15 s) was indicative of decreased
muscle strength [39].

2.6. Quantification of Serum Osteopontin and Procollagen Type 1 N-Terminal Propeptide

Serum OPN and P1NP levels were quantified using direct solid-phase enzyme-linked
immunosorbent assays (ELISAs) with standardized test systems.

Serum OPN levels were measured using the ELISA Kit for Osteopontin (Cloud-Clone
Corp., Wuhan, China/ Katy, TX, USA), which had a calibration range of 0.625-40.0 ng/mL
and an analytical sensitivity of 0.237 ng/mL. PINP levels were measured using the
ELISA Kit for Procollagen Type 1 N-Terminal Propeptide (P1NP) (Cloud-Clone Corp.,
Wuhan, China/ Katy, TX, USA), following the manufacturer’s recommended dilutions with
phosphate-buffered saline (PBS, 0.01 mmol/L, pH 7.0-7.2), and an analytical sensitivity of
34 pg/mL.

2.7. Statistical Analysis

Data distribution was assessed using the Kolmogorov-Smirnov test. Nonparametric
tests were employed because the data were not normally distributed. Categorical variables
are presented as n (%) and continuous variables as medians with interquartile ranges (IQRs;
25th, 75th percentiles). Between-group differences were assessed using the Mann-Whitney
U test, Kruskal-Wallis test, or Spearman’s rank correlation coefficient, as appropriate. Corre-
lation strength was categorized according to the Chaddock scale: negligible (0.1 < p < 0.3),
weak (0.3 < p < 0.5), moderate (0.5 < p < 0.7), strong (0.7 < p < 0.9), and very strong
(0.9 < p <1.0) [41]. Pearson’s chi-squared test (x?) was used for categorical variables. To



Metabolites 2025, 15, 459

6 of 19

explore the potential associations between serum concentrations of OPN and P1INP and
metabolic health indicators, non-invasive measures of liver disease severity, as well as
muscle strength, SMM, and BMD, we stratified patients into groups based on “lower” and
“higher” concentrations of these markers. As no established clinical cutoffs exist for these
markers, we applied an ad hoc approach by visually inspecting the distribution of values
using histograms and kernel density plots. The approximate peak of each distribution
was used as a reference point to define the cutoff for stratification. It should be noted that
this approach does not rely on the statistical mode in the strict sense, but rather on the
most prominent density peak, and is intended solely for exploratory purposes. Statistical
significance was set at p < 0.05 for all analyses. Statistical analyses were performed using
IBM SPSS Statistics, version 27.0 (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Patient Characteristics

Between January 2024 and January 2025, 138 patients diagnosed with MASLD and
HTN who met this study’s inclusion criteria were evaluated at the Department of Clinical
Diagnostics, National Medical Research Center for Therapy and Preventive Medicine.

During the screening phase, 21 patients were excluded for the following reasons:
2 tested positive for hepatitis C virus antibodies (HCV Ab); 4 had a RUS-AUDIT score
> 8; 10 had morbid obesity; 3 reported a prior history of malignancy during clinical
interviews (2 with previous breast cancer and 1 with colon cancer); and 3 had medical
conditions meeting exclusion criteria that occurred approximately 2, 2.5, and 3 months
before enrollment (Figure 1).

Therefore, 117 patients were included in the final analysis. Their demographic and clin-
ical characteristics are presented in Table 1. The median age was 57 years (IQR, 49-64 years).
Of the cohort, 85 patients (72.6%) were classified as obese, and 30 (25.6%) as overweight.

Table 1. Demographic and anthropometric parameters of patients with MASLD and HTN.

Patients with MASLD and HTN

Parameter (@ =117)
Female gender, n (%) 67 (57.3)
Age, years 57 (49-64)
BMI, kg/m? 32.9 (29.6-36.2)
Normal weight (BMI 18.5-24.9 kg / m?), n (%) 2(1.7)
Overweight (BMI 25.0-29.9 kg/ m?), n (%) 30 (25.6)
Obesity (BMI > 30 kg/m?), n (%) 85 (72.6)
Waist circumference (all subjects), cm 108 (102-115)
Waist circumference (male), cm 111.5 (106-117)
Normal Range <94 cm
Patients Outside the Normal Range, n (%) 50 (100)
Waist circumference (female), cm 105 (98-111)
Normal Range <80 cm
Patients Outside the Normal Range, n (%) 66 (98.5)
Hip circumference, cm 113 (108-118.75)

Note: numerical data are presented as median [interquartile range]; categorical variables are presented as n (%).
Abbreviations: BMI, body mass index; HTN, hypertension; MASLD, metabolic dysfunction-associated steatotic
liver disease.
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Between January 2024 and January 2025, 138
patients with MASLD and HTN were assessed
for eligibility at the Department of Clinical
Diagnostics, National Medical Research Center
for Therapy and Preventive Medicine

Eligibility Assessment

Inclusion criteria:

* Age 20-70 years;

* Sonographic evidence of
liver steatosis;

* Absence of other etiologies
of liver steatosis;

* Established HTN diagnosis;
*Signed informed consent.

Exclusion criteria:

*New HCV Ab positive (n = 2);

*RUS-AUDIT >8 (n=4);

* Morbid obesity (n = 10);

* Prior malignancy (n = 3): breast (n = 2), colon (n=1);
* Medical exclusion criteria within 6 months (n = 3).

Patients with MASLD and HTN included in the
final analysis
(n=117)

Figure 1. Participant flow chart. HCV Ab, antibodies to hepatitis C virus; HTN, hypertension;
MASLD, metabolic dysfunction-associated steatotic liver disease; RUS-AUDIT, the Russian Alcohol
Use Disorders Identification Test.

The distribution of hypertension (HTN) grades was grade 1 HIN, n = 40 (34.2%);
grade 2 HTN, n = 33 (28.2%); and grade 3 HIN, n = 44 (37.6%). No statistically significant
differences in gender or age were observed among patients with different HTN grades.
Twelve patients (10.3%) had type 2 diabetes (T2D), and twenty-two (18.8%) had impaired
fasting glycemia (IFG). Gender and age did not significantly differ between patients with

and without T2D or IFG. Key findings from laboratory tests performed on patients with
MASLD and HTN are summarized in Table 2.

Table 2. Results of laboratory tests in patients with MASLD and HTN.

Patients with

Patients Outside

Parameter MASLD and HTN  Normal Range the Normal Range,
(n=117) n (%)
Erythrocytes, 1012/L 4.80 (4.51-5.00)
12
Erythrocytes, 10°/L ) 95 (4 76-5.08) 40-5.9 0(0)
(male)
Erythrocytes, 1012/L .
(female) 4.6 (4.3-4.8) 3.8-5.2 0(0)
Hemoglobin, g/L 146 (133-152)
Hemoglobin, g/I. 152 (147-156.5) 140-175 0 (0)
(male)
Hemoglobin, g/T. 137 (129-145.5) 123-153 0(0)
(female)
ESR, mm/h 9 (4-14) <20 0 (0)
Platelets, 10°/L 253.0 (211.8-290.0) 150-450 0 (0)
Leukocytes, 10°/L 6.4 (5.3-7.5) 5-10 0 (0)
ALT, IU/L 23.0 (16.0-37.3) 0-34 34 (29.1)
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Table 2. Cont.

Patients with

Patients Outside

Parameter MASLD and HTN  Normal Range  the Normal Range,
(n=117) n (%)
AST, IU/L 22.0 (18.0-26.3) 0-34 10 (8.5)
GGT, IU/L 31.0 (21.0-45.5) 0-38 42 (35.9)
Albumin, g/dL 45 (4.3-4.6) 3.5-5.2 0(0)
TOtfrﬁgli;‘ibm' 11.7 (9.0-14.5) 3.4-20.5 6 (5.1)
Uric acid, pmol/L 357 (327.3-416.5) 154.7-356.9 57 (48.7)
CRP, mg/L 2.2 (1.4-5.0) 0-5 29 (24.8)
T"tallncr}r‘lzlle/s{eroL 5.8 (4.9-6.2) 0-5 82 (70.1)
Triglycerides, mmol /L 1.43 (1.10-2.10) <1.7 46 (39.3)
Creatinine, umol/L 75.7 (67.6-90.0) 51-98 10 (8.5)
Glucose, mmol/L 5.7 (5.4-6.0) 3.9-5.5 72 (61.5)
Calcium, mmol/L 24 (2.3-2.5) 2.1-2.55 4 (3.5)
Phosphorus, mmol /L 1.1 (0.9-1.2) 0.81-1.45 0 (0)
HOMA-IR > 2.7, n (%) 61.0 (52.1) 0.5-1.4 -
pSWE, kPa 5.4 (4.1-6.3) <7 11 (9.4)

Note: numerical data are presented as median [interquartile range]; categorical variables are presented as n (%).
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP, C-reactive protein; ESR,
erythrocyte sedimentation rate; GGT, gamma-glutamyl transferase; HOMA-IR, Homeostasis Model Assessment of
Insulin Resistance; HTN, hypertension; MASLD, metabolic dysfunction-associated steatotic liver disease; pSWE,
point shear-wave elastography.

The median Fatty Liver Index (FLI) was 84 [IQR, 68-94]. Of the patients, 99 (84.6%)
had an FLI > 60, and 16 (13.7%) had an FLI > 30. The median liver stiffness value, as
determined by pSWE, was 5.4 kPa [IQR, 4.1-6.3 kPa]. Elevated liver stiffness values
(>7 kPa), suggestive of advanced liver fibrosis, were observed in 11 patients (9.4%; 8 males
and 3 females; p = 0.031). Antihypertensive therapy was prescribed to 78 patients (66.7%;
34 males and 44 females; p = 0.792) (Table 3).

Among patients receiving combination antihypertensive therapy, 25 (52.1%) received
a diuretic and a renin-angiotensin-aldosterone system (RAAS) blocker, 11 (22.9%) a calcium
channel blocker and a RAAS blocker, 7 (14.6%) a beta blocker and a calcium channel blocker,
and 5 (10.4%) a beta blocker and a RAAS blocker.

Based on muscle strength assessments, 34 patients (29.1%) were classified as having
dynapenia, defined as either decreased grip strength (GS) (21, 17.9%; 18 females and
3 males; p = 0.003) or a FTSST completion time exceeding 15 s (13, 11.1%; 10 females and
3 males; p = 0.115). Of these 34 patients with MASLD and HTN, 2 (1.7%, both female) met
both criteria for decreased muscle strength, exhibiting both decreased GS and a prolonged
FTSST duration.

Based on established ALM/W index thresholds, 25 patients (21.4%; 11 females and
14 males; p = 0.126) in this cohort had decreased SMM, while 19 (16.2%; 15 females and
4 males; p = 0.037) met the criteria for sarcopenia, since they exhibited a simultaneous
decline in muscle strength and SMM.
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Table 3. The characteristics of the antihypertensive therapy received by patients with MASLD
and HTN.

Antihypertensive Drug Class Number of Patients with MASLD and

HTN, n (%)
Calcium channel blockers 3.0 (2.6)
Beta blockers 9.0(7.7)
Angiotensin receptor blockers 11.0 (9.4)
ACE inhibitors 8.0 (6.8)
Combination antihypertensive therapy 48 (41)

Note: abbreviations: ACE, angiotensin-converting enzyme; HTN, hypertension; MASLD, metabolic dysfunction-
associated steatotic liver disease.

Osteopenia was present in 46 patients (39.3%; 36 females and 10 males; p = 0.001), and
osteoporosis was diagnosed in only 3 patients (2.6%; 2 females and 1 male; p = 0.791) in
this study.

When comparing subgroups of patients with MASLD and HTN, stratified by the pres-
ence or absence of the aforementioned musculoskeletal disorders and further categorized
by HTN grade, T2D, or IFG status, we found that IFG was more prevalent among patients
with dynapenia (defined by decreased GS: 38.1% in the dynapenia subgroup vs. 15.7% in
the subgroup with preserved muscle strength; p = 0.015), sarcopenia (36.8% in the sarcope-
nia subgroup vs. 15.6% in those without sarcopenia; p = 0.022), and osteoporosis (present
in 2 of 3 patients with osteoporosis [66.7%] vs. 16.7% in patients without osteoporosis;
p = 0.027). The prevalence of T2D or HTN of any grade did not significantly differ between
subgroups of MASLD patients with or without decreased muscle strength, SMM, or BMD.
However, patients with MASLD and HTN diagnosed with decreased GS, sarcopenia, or
osteopenia were significantly older than those with preserved muscle strength, SMM, and
BMD (p = 0.013, p = 0.045, and p < 0.001, respectively).

3.2. Assessment of Serum Osteopontin and Procollagen Type 1 N-Terminal Propeptide
Concentrations in Patients with Metabolic Dysfunction-Associated Steatotic Liver Disease
and Hypertension

The median serum OPN concentration was 2.3 ng/mL (IQR, 1.44-3.8 ng/mL), and the
median PINP concentration was 44.1 pg/mL (IQR, 33.8-58.3 pg/mL). Serum OPN and
PINP levels did not significantly differ between male and female patients with MASLD
and HTN (p = 0.160 and p = 0.184, respectively). Serum OPN and P1NP levels also did not
significantly differ between subgroups of MASLD patients with and without T2D (p = 0.175
and p = 0.158, respectively) or IFG (p = 0.841 and p = 0.175, respectively). Furthermore,
HTN grade was not significantly associated with serum OPN or PINP concentrations in
this cohort (p = 0.922 and p = 0.331, respectively). Serum OPN and PINP concentrations
did not significantly differ among subgroups of patients with dynapenia, sarcopenia,
osteopenia, or osteoporosis. These differences remained non-significant after stratifying
patients by gender.

3.2.1. Correlation Analysis

Correlation analyses revealed statistically significant negative correlations between
serum OPN concentrations and the following parameters: waist circumference (WC)
(o =—0.334, p < 0.001), epicardial fat thickness (p = —0.249, p = 0.01), alanine amino-
transferase (ALT) activity (o = —0.254, p = 0.006), aspartate aminotransferase (AST) activity
(o = —0.248, p = 0.008), gamma-glutamyl transferase (GGT) activity (o = —0.217, p = 0.021),
and liver stiffness (o = —0.209, p = 0.031). No statistically significant correlations were
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found between serum PINP concentrations and any of the anthropometric, laboratory, or
instrumental parameters evaluated in this study.

3.2.2. Subgroup Analysis Depending on the OPN and P1INP Serum Concentrations

Due to the absence of established reference concentrations for serum OPN and P1NP,
and to facilitate comparison between subgroups of patients with MASLD and HTN based
on their serum OPN and P1NP concentrations, the mode serum concentrations of these
osteokines—specifically, 2.89 ng/mL and 47.5 pg/mL, respectively—were used as threshold
values (see “Statistical Analysis” section for more details). Forty-five patients (38.5%) with
MASLD and HTN had serum OPN concentrations > 2.89 ng/mL, whereas 47 (40.2%)
had serum PINP concentrations > 47.5 pg/mL. Table 4 summarizes the characteris-
tics of patient subgroups with MASLD and HTN, categorized by their serum OPN and
P1INP concentrations.

Table 4. The characteristics of patient subgroups with MASLD and HTN, categorized by their serum
OPN and P1INP concentrations.

Serum OPN Concentration in Patients Serum PINP Concentration in Patients
with MASLD and HTN, ng/mL with MASLD and HTN, pg/mL
Parameter
<2.89 >2.89 <47.5 >47.5
(n=72) (n = 45) P (n = 70) (n = 47) p
Ace. vears 55.5 58.0 n/s 57.0 56.0 n/s
8¢ Y (47.3-62.8) (51.0-64.5) (49.0-65.0) (48.0-63.0)
Gender: female, n (%) 38.0 (52.8) 29.0 (64.4) n/s 38.0 (54.3) 29.0 (61.7) n/s
33.2 321 329 32.8
2
BMI, kg /m (30.6-36.1) (28.9-36.9) n/s (30.1-36.1) (29.5-36.8) n/s
HTN, n (%):
Grade 1 24.0 (33.3) 15.0 (33.3) / 23.0 (32.9) 16.0 (34.0) y
Grade 2 21.0 (29.2) 13.0 (28.9) nss 22.0 (31.4) 12.0 (25.5) nss
Grade 3 27.0 (37.5) 17.0 (37.8) 25.0 (35.7) 19.0 (40.5)
Antihyperten-sive
therapy, n (%) 47.0 (65.3) 31.0 (68.8) n/s 43.0 (61.4) 35 (74.5) n/s
T2D, n (%) 8.0 (11.1) 4.0 (8.8) n/s 9.0 (12.9) 3.0 (6.4) n/s
IFG, n (%) 13.0 (18.1) 9.0 (20) n/s 12.0 (17.1) 10.0 (21.3) n/s

Note: quantitative data are presented as median [interquartile range]; categorical variables are presented as n (%).
Quantitative data were compared using the Mann-Whitney U test, and categorical data were compared using the
chi-squared test. Abbreviations: n/s, not significant; BMI, body mass index; HTN, hypertension; IFG, impaired
fasting glycemia; MASLD, metabolic dysfunction-associated steatotic liver disease; T2D, type 2 diabetes mellitus.

Patients with MASLD and HTN exhibiting serum OPN concentrations < 2.89 ng/mL
had significantly higher AST and ALT activity than those with concentrations > 2.89 ng/mL
(Figure 2). Similarly, GGT activity was significantly higher among patients with lower
serum OPN concentrations (Figure 3A). Although ALT and AST activity did not sig-
nificantly differ between patients with serum PINP concentrations < 47.5 pg/mL and
>47.5 pg/mL, serum GGT activity was significantly higher among patients with MASLD
and HTN and serum P1NP concentrations > 47.5 pg/mL (Figure 3B).
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2 2.89 A

Figure 2. Patients with MASLD and HTN with serum OPN concentrations > 2.89 ng/mL exhib-
ited significantly lower serum ALT (A) and AST (B) activity compared to those with serum OPN
concentrations < 2.89 ng/mL. Note: the central line within each box represents the median, and the
box height represents the interquartile range. The whiskers depict the minimum and maximum
values, and outliers are indicated by circles and asterisks. Comparisons were performed using the
Mann-Whitney U test. Abbreviations: ALT, alanine transaminase; AST, aspartate aminotransferase;
OPN, osteopontin.

p=0.025 p=0.024

Serum GGT activity, U/L

> 2.89 A <475 2475 B

Serum P1NP concentration, pg/mL

Figure 3. Serum GGT activity differed significantly based on serum OPN (A) and PINP (B) concen-
trations in patients with MASLD and HTN. Note: the central line within each box represents the
median, and the box height represents the interquartile range. The whiskers depict the minimum
and maximum values, and outliers are indicated by circles and asterisks. Comparisons were per-
formed using the Mann-Whitney U test. Abbreviations: GGT, gamma-glutamyl transferase; OPN,
osteopontin; PINP, procollagen type 1 N-terminal propeptide.

When comparing instrumental test results, including liver elastography, SMM, and
BMD measurements, between MASLD patient groups with differing serum OPN and
PINP concentrations, the following results were obtained. Patients with serum OPN con-
centrations > 2.89 ng/mL exhibited significantly lower liver stiffness values (Figure 4).
Furthermore, spinal BMD was substantially lower in this MASLD and HTN patient sub-
group than in the subgroup with serum OPN concentrations < 2.89 ng/mL (Figure 5).

Unlike OPN, subgroups with serum PINP concentrations < 47.5 pg/mL and
>47.5 pg/mL did not exhibit statistically significant differences in liver stiffness values
or BMD at the spine or hip. However, patients with MASLD and HTN diagnosed with
reduced SMM based on ALM /W index values had significantly lower serum P1INP con-
centrations compared to those with preserved SMM, as determined by DEXA (Figure 6).
Serum OPN concentrations also showed a trend toward being lower in patients with de-
creased ALM/W index values, although this difference did not reach statistical significance
(p = 0.060).
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p=0.003

Liver stiffness, kPa

| l
< 2.89 > 2.89
Serum OPN concentration, ng/mL

Figure 4. Patients with MASLD and HTN with serum OPN levels > 2.89 ng/mL exhibited signifi-
cantly lower liver stiffness values compared to those with serum OPN concentrations < 2.89 ng/mL.
Note: the central line within each box represents the median, and the box height represents the
interquartile range. The whiskers depict the minimum and maximum values, and outliers are in-
dicated by circles and asterisks. Comparisons were performed using the Mann-Whitney U test.
Abbreviations: OPN, osteopontin.

p=0.017

BMD (L1-L4), g/cm?

0.8

< 2.89 > 2.89
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Figure 5. Spinal BMD (L1-L4) was significantly lower in patients with MASLD and HTN with serum
OPN concentrations > 2.89 ng/mL compared to those with serum OPN concentrations < 2.89 ng/mL.
Note: the central line within each box represents the median, and the box height represents the
interquartile range. The whiskers depict the minimum and maximum values, and outliers are
indicated by circles. Comparisons were performed using the Mann-Whitney U test. Abbreviations:
OPN, osteopontin.
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Figure 6. Serum PINP concentrations in patients with MASLD and HTN with decreased and
preserved skeletal muscle mass (SMM) (based on the DEXA results, namely appendicular skeletal
muscle mass (ALM) to weight (W) index values). Note: the line through the middle of each box
represents the median. The height of each box represents the interquartile range. The whiskers show
the minimum and maximum values. Outliers are depicted as circles and asterisks. The comparison
was performed using the Mann-Whitney U test.
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4. Discussion

Mounting evidence supports the association between MASLD and BMD, which ap-
pears independent of patient age or gender. For example, Z. Shen et al. demonstrated a
multivariable-adjusted hazard ratio of 2.24 (95% CI: 1.18, 2.81) for incidents of low BMD in
patients with MASLD compared to those without. These authors also noted that obesity
and female gender may be considered risk factors for decreased BMD [42]. Moreover, a
recent systematic review and meta-analysis indicated a significantly higher prevalence and
risk of osteoporosis or osteoporotic fractures in both male and female patients with MASLD
compared to those without the liver disease [9]. Lastly, the meta-analysis by A. Mantovani
et al. indicated a significant association between MASLD and decreased whole-body BMD
Z-scores in children and adolescents [43].

Given the established association between MASLD and decreased BMD, and con-
sidering both the importance of addressing osteopenia and osteoporosis in personalized
lifestyle modification recommendations for patients with MASLD (particularly regarding
physical activity) and the limitations of DEXA in diagnosing decreased BMD, we conducted
a study to investigate serum concentrations of OPN and P1NP in patients with MASLD
and HTN, examining their relationship with metabolic health indicators, biochemical and
instrumental markers of liver disease severity, SMM, and BMD at the spine and hip in this
patient population.

In summary, the findings of this study suggest an inverse relationship between serum
OPN concentrations and surrogate laboratory markers of liver disease activity, including
AST, ALT, and GGT, as well as with liver stiffness values in patients with MASLD and HTN.
Y. Yilmaz et al. reported similar results, demonstrating a correlation between serum OPN
concentrations and serum aminotransferase levels (aspartate aminotransferase: § = 0.295,
p < 0.01; alanine aminotransferase: = 0.285, p < 0.01) in patients with MASLD. The authors
also proposed that serum OPN levels may serve as significant independent predictors of
portal inflammation in this patient population [44]. The positive correlation between serum
OPN concentrations and serum transaminase activity (markers of hepatocyte injury), as re-
ported by Y. Yilmaz et al., may be attributed to the known proinflammatory effects of OPN.
OPN, for example, acts as a chemoattractant for macrophages and regulates their migration,
survival, phagocytosis, and pro-inflammatory cytokine production [45-47]. Conversely, in
this study, we observed statistically significant inverse correlations between serum OPN
concentrations and AST and ALT activity in the blood serum of patients with MASLD and
HTN (p = —0.248, p = 0.008, and p = —0.254, p = 0.006, respectively). Furthermore, serum
GGT activity was also inversely associated with serum OPN concentrations (p = —0.217,
p = 0.021) in the MASLD and HTN patients included in this study. One potential explana-
tion for the discrepancies between the Yilmaz et al. study [44] and the present study is that
the patients in our study were older (median age 57 (49-64) years vs. 44 + 10 years in the
Yilmaz et al. study [44]), and approximately 42% exhibited decreased bone mineral density,
indicative of osteopenia or osteoporosis. This age difference and the higher prevalence
of decreased BMD may have influenced the relationship between serum AST and ALT
activity and serum OPN concentrations in our study, given that OPN has been shown to be
elevated in the blood serum of patients with osteopenia and osteoporosis. Consistent with
this, serum OPN concentrations were substantially higher in patients with MASLD and
HTN with decreased BMD at the spine in our study. Another potential explanation is that,
in addition to bone cells (primarily osteoclasts), OPN is also expressed by macrophages,
endothelial cells, smooth muscle cells, and epithelial cells [48]. Consequently, the presence
of comorbidities, such as HTN, in the MASLD patients in our study could have influenced
serum OPN concentrations and their associations with other laboratory parameters. More-
over, both our study and the Yilmaz et al. study [44] employed a cross-sectional design,
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which limits the ability to establish causal relationships between serum OPN concentrations
and the presence or activity of MASLD. To the best of our knowledge, no longitudinal stud-
ies have examined serum OPN concentrations throughout the natural history of MASLD,
nor have any assessed serum OPN concentrations in patients with MASLD across multiple
consecutive visits during follow-up, which would be needed to elucidate the role of OPN
in the development and progression of this liver disease.

In this study, we observed an inverse association between liver stiffness, a non-invasive
measure of liver fibrosis progression, and serum OPN concentrations in patients with
MASLD and HTN. In contrast, Yilmaz et al. [44] found no significant correlations between
liver fibrosis stage (defined by histological assessment) and serum OPN levels. This
discrepancy may be attributable to the fact that Yilmaz et al. [44] compared serum OPN
levels across distinct fibrosis stages, with a limited number of patients in each stage, which
likely hindered the detection of statistically significant differences.

Regarding P1INP, patients with MASLD and HTN with higher serum P1NP concen-
trations (>47.5 pg/mL) exhibited higher GGT activity compared to those with lower
concentrations, suggesting an association between this bone turnover marker and the
presence of liver steatosis. These findings align with those of Deng et al., who demon-
strated an independent correlation between serum P1INP concentrations and the presence
of MASLD in a logistic regression analysis [49]. However, Fang et al. found that serum
PINP concentrations did not differentiate between the clinical forms of MASLD, namely
steatosis and steatohepatitis [50]. Although serum P1NP concentrations did not signif-
icantly differ between MASLD patients with normal and elevated liver stiffness values,
they were significantly higher in patients with MASLD and HTN who had elevated GGT
activity, a surrogate marker for MASLD [51,52].

Unlike OPN, no significant differences were observed in other liver disease parame-
ters or BMD at either the spine or hip between patients with serum P1NP concentrations
> 47.5 pg/mL and those with concentrations < 47.5 pg/mL. However, we found that pa-
tients with MASLD and HTN diagnosed with decreased SMM based on ALM/W index
values had lower serum P1NP concentrations than those with preserved SMM, as deter-
mined by DEXA. Multiple studies have established a relationship between serum P1INP
concentration and SMM in various patient populations. For example, in a study by Farup
et al. involving 104 subjects undergoing bariatric surgery, serum P1NP concentrations
were measured before and 6 to 12 months after the procedure. The authors observed an
increase in serum P1NP concentration following bariatric surgery and concluded that this
increase in the bone turnover marker may be associated with declining bone health and a
predisposition to osteoporosis [53]. However, it is well documented that bariatric surgery
also leads to rapid weight loss, including a reduction in skeletal muscle mass alongside
body fat [54]. Therefore, one can infer that elevated serum P1NP levels in patients who
have undergone bariatric surgery may reflect not only an increased risk of osteoporosis but
also a decrease in SMM due to rapid weight loss resulting from caloric restriction [55]. Fur-
thermore, Haeri et al. demonstrated an association between serum OPN concentrations and
a frail phenotype (assessed using the Fried frailty index), a condition known to increase the
risk of disability and adverse health outcomes, in 178 older women with osteoporosis [56].

Overall, the results of our study suggest that OPN and P1NP are not only involved
in bone metabolism but also appear to play an important role in the development and
natural course of MASLD. While we did not find a significant association between bone
turnover markers and the stage of hypertension—possibly due to the limited sample size—
we did identify associations between serum OPN concentrations and other components
of the metabolic syndrome, such as waist circumference and epicardial fat thickness. This
suggests that: (1) bone turnover markers may be involved in the development of metabolic
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disturbances observed in MASLD and HTN, and (2) metabolic dysregulation and the
presence of MASLD and/or HTN may negatively impact BMD.

Currently, DEXA is the primary diagnostic tool for detecting decreased BMD. However,
it has several limitations: it is not portable, has a weight limit of 130 kg (particularly relevant
given that approximately 85% of MASLD patients are obese), and exposes both the patient
and operator to ionizing radiation, albeit at very low doses [29].

Given the critical role of physical activity in managing MASLD and HTN, the known
limitations of DEXA, and the potential adverse effects of certain exercises on bone health in
patients at increased risk of osteopenia and osteoporosis, timely identification of decreased
BMD in MASLD patients with or without HTN is essential. There is also a pressing
need for non-invasive biomarkers to assess BMD in this population. Such markers could
improve patient adherence to lifestyle modification recommendations and mitigate the
risk of complications related to decreased BMD. Importantly, both OPN and P1NP are
produced by various cell types across different tissues and organs. Therefore, their serum
concentrations in MASLD patients may be influenced by coexisting diseases or conditions,
as demonstrated in this study. Further research is needed in comorbid patient populations
to validate the use of these bone-derived metabolites as surrogate markers of decreased
BMD or impaired bone microarchitecture in clinical practice.

5. Limitations of the Study

This study has several limitations. First, the sample size is relatively small. However,
the participants comprised a representative cohort of patients with MASLD and HTN
who underwent a comprehensive clinical evaluation. Consequently, the findings can be
cautiously extrapolated to the broader population of patients with MASLD, including those
with coexisting HTN. Another limitation is the absence of a control group. However, the
study was specifically designed to characterize serum OPN and P1NP concentrations in
patients with MASLD and HTN, a prominent cardiometabolic comorbidity, and to analyze
their associations with biochemical markers of liver disease severity, liver stiffness, body
composition parameters, and BMD at the spine and hip. The study was not intended to
compare these markers between MASLD patients and healthy individuals. Nevertheless,
future comparative studies incorporating control groups would provide additional insights
into the alterations in bone turnover markers in MASLD. To compare metabolic health
indicators, non-invasive measures of liver disease severity, as well as muscle strength,
SMM, and BMD between patients with “lower” and “higher” serum concentrations of
OPN and PINP, we used ad hoc cutoffs for OPN and P1NP based on visual inspection
of their distribution rather than standardized clinical thresholds. Although this approach
allowed us to perform exploratory subgroup analyses, the identified cutoffs were not
derived from formal statistical modeling or clinical guidelines and should therefore be
interpreted with caution. Future studies with larger cohorts are needed to validate clinically
meaningful reference ranges for these biomarkers, ideally using standardized approaches
such as percentile-based stratification, receiver operating characteristic (ROC) analysis, or
outcome-based modeling. Finally, liver biopsy, the gold standard for diagnosing MASLD
and assessing disease activity and fibrosis stage, was not performed. Instead, non-invasive
methods recommended by the European Association for the Study of the Liver (EASL)
were employed, i.e., standardized liver ultrasound and elastography [57].

6. Conclusions

In summary, the serum concentrations of OPN and P1NP in this study appear to be
associated with various liver disease parameters, including ALT, AST, GGT activity, and
liver stiffness, in patients with MASLD and HTN, which aligns with prior research [58,59].
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Furthermore, the findings suggest an association between serum P1NP levels and SMM, as
well as between serum OPN levels and spinal BMD, thereby indicating a link between liver
function, muscle mass, and bone health. Moreover, OPN appears to be strongly associated
with overall metabolic health indicators (such as WC and EFT), whereas P1NP is more
closely linked to muscle mass.

Author Contributions: Conceptualization: A.ES. and O.M.D.; data curation: EM.M.; funding
acquisition: O.M.D.; investigation: E.M.M.; methodology: A.ES. and Y.S.T.; supervision: O.M.D.;
Writing—original draft: A.ES., A.Y.E. and Y.S.T.; writing—review and editing: V.A.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Russian Science Foundation (project No. 23-45-10030) as
part of a research project on the “Prevalence and Factors Associated with Musculoskeletal Disorders
in Young and Middle-Aged Hypertensive Patients with Non-Alcoholic Fatty Liver Disease in Russian
and Belarusian Populations,” conducted at the National Medical Research Center for Therapy and
Preventive Medicine from 2023 to 2025.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the National Medical Research Center for
Therapy and Preventive Medicine (protocol No. 01-03/20, 23 January 2020).

Informed Consent Statement: Informed consent was obtained from all participants involved in
this study.

Data Availability Statement: The data presented in this study are available upon reasonable request
from the corresponding authors. The data are not publicly available due to privacy restrictions.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

Younossi, Z.M.; Golabi, P; Paik, ].M.; Henry, A.; Van Dongen, C.; Henry, L. The Global Epidemiology of Nonalcoholic Fatty Liver
Disease (NAFLD) and Nonalcoholic Steatohepatitis (NASH): A Systematic Review. Hepatology 2023, 77, 1335-1347. [CrossRef]
[PubMed]

Younossi, Z.M.; Henry, L. Epidemiology of Non-Alcoholic Fatty Liver Disease and Hepatocellular Carcinoma. JHEP Rep. 2021, 3,
100305. [CrossRef] [PubMed]

Huang, Q.; Yu, H.; Zhong, X,; Tian, Y.; Cui, Z.; Quan, Z. Association between Hypertension and Nonalcoholic Fatty Liver Disease:
A Cross-Sectional and Meta-Analysis Study. J. Hum. Hypertens. 2023, 37, 313-320. [CrossRef] [PubMed]

Cao, L.; An, Y,; Liu, H; Jiang, J.; Liu, W.; Zhou, Y.; Shi, M.; Dai, W.; Lv, Y.; Zhao, Y.; et al. Global Epidemiology of Type 2 Diabetes
in Patients with NAFLD or MAFLD: A Systematic Review and Meta-Analysis. BMC Med. 2024, 22, 101. [CrossRef] [PubMed]
Ding, Y.; Deng, Q.; Yang, M.; Niu, H.; Wang, Z.; Xia, S. Clinical Classification of Obesity and Implications for Metabolic
Dysfunction-Associated Fatty Liver Disease and Treatment. Diabetes Metab. Syndr. Obes. 2023, 16, 3303-3329. [CrossRef]
[PubMed]

Houghton, D.; Thoma, C.; Hallsworth, K.; Cassidy, S.; Hardy, T.; Burt, A.D.; Tiniakos, D.; Hollingsworth, K.G.; Taylor, R.; Day,
C.P; et al. Exercise Reduces Liver Lipids and Visceral Adiposity in Patients with Nonalcoholic Steatohepatitis in a Randomized
Controlled Trial. Clin. Gastroenterol. Hepatol. 2017, 15, 96-102.e3. [CrossRef]

Rosato, V.; Masarone, M.; Dallio, M.; Federico, A.; Aglitti, A.; Persico, M. NAFLD and Extra-Hepatic Comorbidities: Current
Evidence on a Multi-Organ Metabolic Syndrome. Int. . Environ. Res. Public Health 2019, 16, 3415. [CrossRef]

Rinella, M.E.; Lazarus, ].V.; Ratziu, V.; Francque, S.M.; Sanyal, A.].; Kanwal, F.; Romero, D.; Abdelmalek, M.F,; Anstee, Q.M.; Arab,
J.P; et al. A Multisociety Delphi Consensus Statement on New Fatty Liver Disease Nomenclature. Hepatology 2023, 78, 1966-1986.
[CrossRef]

Pan, B,; Cai, J.; Zhao, P; Liu, J.; Fu, S;; Jing, G.; Niu, Q.; Li, Q. Relationship between Prevalence and Risk of Osteoporosis or
Osteoporotic Fracture with Non-Alcoholic Fatty Liver Disease: A Systematic Review and Meta-Analysis. Osteoporos. Int. 2022, 33,
2275-2286. [CrossRef]

Gao, Z.; Deng, H.; Qin, B.; Bai, L.; Li, J.; Zhang, J. Impact of Hypertension on Liver Fibrosis in Patients with Metabolic
Dysfunction-Associated Fatty Liver Disease. Front. Med. 2025, 12, 1539283. [CrossRef]


https://doi.org/10.1097/HEP.0000000000000004
https://www.ncbi.nlm.nih.gov/pubmed/36626630
https://doi.org/10.1016/j.jhepr.2021.100305
https://www.ncbi.nlm.nih.gov/pubmed/34189448
https://doi.org/10.1038/s41371-022-00686-w
https://www.ncbi.nlm.nih.gov/pubmed/35411023
https://doi.org/10.1186/s12916-024-03315-0
https://www.ncbi.nlm.nih.gov/pubmed/38448943
https://doi.org/10.2147/DMSO.S431251
https://www.ncbi.nlm.nih.gov/pubmed/37905232
https://doi.org/10.1016/j.cgh.2016.07.031
https://doi.org/10.3390/ijerph16183415
https://doi.org/10.1097/HEP.0000000000000520
https://doi.org/10.1007/s00198-022-06459-y
https://doi.org/10.3389/fmed.2025.1539283

Metabolites 2025, 15, 459 17 of 19

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.
31.

32.

33.

34.

Lu, K; Shi, T.-S.; Shen, S.-Y.; Shi, Y.; Gao, H.-L.; Wu, J.; Lu, X,; Gao, X,; Ju, H.-X.; Wang, W.; et al. Defects in a Liver-Bone Axis
Contribute to Hepatic Osteodystrophy Disease Progression. Cell Metab. 2022, 34, 441-457.e7. [CrossRef] [PubMed]

Xia, S.; Qin, X.; Wang, J.; Ren, H. Advancements in the Pathogenesis of Hepatic Osteodystrophy and the Potential Therapeutic of
Mesenchymal Stromal Cells. Stem Cell Res. Ther. 2023, 14, 359. [CrossRef]

Guanabens, N.; Parés, A. Osteoporosis in Chronic Liver Disease. Liver Int. 2018, 38, 776-785. [CrossRef]

Ye, Z.; Lu, H.; Liu, P. Association between Essential Hypertension and Bone Mineral Density: A Systematic Review and
Meta-Analysis. Oncotarget 2017, 8, 68916—68927. [CrossRef] [PubMed]

Yang, YJ.; Kim, D.]. An Overview of the Molecular Mechanisms Contributing to Musculoskeletal Disorders in Chronic Liver
Disease: Osteoporosis, Sarcopenia, and Osteoporotic Sarcopenia. Int. J. Mol. Sci. 2021, 22, 2604. [CrossRef]

Li, C.; Zeng, Y.; Tao, L,; Liu, S.; Ni, Z.; Huang, Q.; Wang, Q. Meta-Analysis of Hypertension and Osteoporotic Fracture Risk in
Women and Men. Osteoporos. Int. 2017, 28, 2309-2318. [CrossRef] [PubMed]

Chai, H.; Ge, ]J.; Li, L,; Li, J.; Ye, Y. Hypertension Is Associated with Osteoporosis: A Case-Control Study in Chinese Post-
menopausal Women. BMC Musculoskelet. Disord. 2021, 22, 253. [CrossRef]

Fodor, D.; Bondor, C.; Albu, A.; Simon, S.; Craciun, A.; Muntean, L. The Value of Osteopontin in the Assessment of Bone Mineral
Density Status in Postmenopausal Women. |. Investig. Med. 2013, 61, 15-21. [CrossRef]

Graupera, I; Isus, L.; Coll, M.; Pose, E.; Diaz, A.; Vallverdd, J.; Rubio-Tomas, T.; Martinez-Sdnchez, C.; Huelin, P.; Llopis, M.; et al.
Molecular Characterization of Chronic Liver Disease Dynamics: From Liver Fibrosis to Acute-on-Chronic Liver Failure. JHEP
Rep. 2022, 4, 100482. [CrossRef]

Gomez-Santos, B.; Saenz de Urturi, D.; Nufiez-Garcia, M.; Gonzalez-Romero, F; Buque, X.; Aurrekoetxea, I.; Gutiérrez de Juan,
V.; Gonzalez-Rellan, M.].; Garcfa-Monzén, C.; Gonzédlez-Rodriguez, A; et al. Liver Osteopontin Is Required to Prevent the
Progression of Age-Related Nonalcoholic Fatty Liver Disease. Aging Cell 2020, 19, e13183. [CrossRef]

Bruha, R.; Vitek, L.; Smid, V. Osteopontin—A Potential Biomarker of Advanced Liver Disease. Ann. Hepatol. 2020, 19, 344-352.
[CrossRef] [PubMed]

Song, Z.; Chen, W.; Athavale, D.; Ge, X.; Desert, R.; Das, S.; Han, H.; Nieto, N. Osteopontin Takes Center Stage in Chronic Liver
Disease. Hepatology 2021, 73, 1594-1608. [CrossRef]

Miyoshi, K.; Kurata, M.; Okura, T.; Nagao, T.; Jotoku, M.; Enomoto, D.; Irita, J.; Higaki, J. Relationship between Plasma
Osteopontin Concentration and Improvement of Augmentation Index with Antihypertensive the Treatment. Int. J. Cardiol. 2009,
137,5150-S151. [CrossRef]

Caesar, C.; Lyle, A.N,; Joseph, G.; Weiss, D.; Alameddine, EM.F; Lassegue, B.; Griendling, K.K.; Taylor, W.R. Cyclic Strain and
Hypertension Increase Osteopontin Expression in the Aorta. Cell Mol. Bioeng. 2016, 10, 144-152. [CrossRef] [PubMed]

Luger, M.; Kruschitz, R.; Kienbacher, C.; Traussnigg, S.; Langer, E.B.; Schindler, K.; Wiirger, T.; Wrba, E,; Trauner, M.; Prager, G.;
et al. Prevalence of Liver Fibrosis and Its Association with Non-Invasive Fibrosis and Metabolic Markers in Morbidly Obese
Patients with Vitamin D Deficiency. Obes. Surg. 2016, 26, 2425-2432. [CrossRef]

Mao, Y,; Jiang, L.; Yan, X.; Ma, H. Effects of Antihypertensive Drugs on Bone Metabolism in Ovariectomized Spontaneously
Hypertensive Rats. Int. . Clin. Exp. Med. 2016, 9, 17628-17635.

Younossi, Z.; Aggarwal, P.; Shrestha, I.; Fernandes, ].; Johansen, P.; Augusto, M.; Nair, S. The Burden of Non-Alcoholic
Steatohepatitis: A Systematic Review of Health-Related Quality of Life and Patient-Reported Outcomes. JHEP Rep. 2022, 4,
100525. [CrossRef]

Brooke-Wavell, K.; Skelton, D.A.; Barker, K.L.; Clark, E.M.; De Biase, S.; Arnold, S.; Paskins, Z.; Robinson, K.R.; Lewis, RM.;
Tobias, ].H.; et al. Strong, Steady and Straight: UK Consensus Statement on Physical Activity and Exercise for Osteoporosis. Br. J.
Sports Med. 2022, 56, 837-846. [CrossRef]

Shepherd, J.; Ng, B.; Sommer, M.; Heymsfield, S.B. Body Composition by DXA. Bone 2017, 104, 101-105. [CrossRef]

Younossi, Z.M.; Rinella, M.E.; Sanyal, A.].; Harrison, S.A.; Brunt, EM.; Goodman, Z.; Cohen, D.E.; Loomba, R. From NAFLD to
MAFLD: Implications of a Premature Change in Terminology. Hepatology 2021, 73, 1194-1198. [CrossRef]

Bedogni, G.; Bellentani, S.; Miglioli, L.; Masutti, E; Passalacqua, M.; Castiglione, A.; Tiribelli, C. The Fatty Liver Index: A Simple
and Accurate Predictor of Hepatic Steatosis in the General Population. BMC Gastroenterol. 2006, 6, 33. [CrossRef]

Boursier, J.; Zarski, J.-P.; de Ledinghen, V.; Rousselet, M.-C.; Sturm, N.; Lebail, B.; Fouchard-Hubert, I.; Gallois, Y.; Oberti, E,;
Bertrais, S.; et al. Determination of Reliability Criteria for Liver Stiffness Evaluation by Transient Elastography. Hepatology 2013,
57,1182-1191. [CrossRef]

Fang, C.; Sidhu, P.S. Ultrasound-Based Liver Elastography: Current Results and Future Perspectives. Abdom. Radiol. 2020, 45,
3463-3472. [CrossRef] [PubMed]

Unger, T,; Borghi, C.; Charchar, F; Khan, N.A.; Poulter, N.R.; Prabhakaran, D.; Ramirez, A.; Schlaich, M.; Stergiou, G.S.;
Tomaszewski, M.; et al. 2020 International Society of Hypertension Global Hypertension Practice Guidelines. Hypertension 2020,
75,1334-1357. [CrossRef]


https://doi.org/10.1016/j.cmet.2022.02.006
https://www.ncbi.nlm.nih.gov/pubmed/35235775
https://doi.org/10.1186/s13287-023-03605-z
https://doi.org/10.1111/liv.13730
https://doi.org/10.18632/oncotarget.20325
https://www.ncbi.nlm.nih.gov/pubmed/28978167
https://doi.org/10.3390/ijms22052604
https://doi.org/10.1007/s00198-017-4050-z
https://www.ncbi.nlm.nih.gov/pubmed/28447105
https://doi.org/10.1186/s12891-021-04124-9
https://doi.org/10.2310/JIM.0b013e3182761264
https://doi.org/10.1016/j.jhepr.2022.100482
https://doi.org/10.1111/acel.13183
https://doi.org/10.1016/j.aohep.2020.01.001
https://www.ncbi.nlm.nih.gov/pubmed/32005637
https://doi.org/10.1002/hep.31582
https://doi.org/10.1016/j.ijcard.2009.09.517
https://doi.org/10.1007/s12195-016-0475-2
https://www.ncbi.nlm.nih.gov/pubmed/29552233
https://doi.org/10.1007/s11695-016-2123-2
https://doi.org/10.1016/j.jhepr.2022.100525
https://doi.org/10.1136/bjsports-2021-104634
https://doi.org/10.1016/j.bone.2017.06.010
https://doi.org/10.1002/hep.31420
https://doi.org/10.1186/1471-230X-6-33
https://doi.org/10.1002/hep.25993
https://doi.org/10.1007/s00261-020-02717-x
https://www.ncbi.nlm.nih.gov/pubmed/32918106
https://doi.org/10.1161/HYPERTENSIONAHA.120.15026

Metabolites 2025, 15, 459 18 of 19

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

Donini, L.M.; Busetto, L.; Bischoff, S.C.; Cederholm, T.; Ballesteros-Pomar, M.D.; Batsis, J.A.; Bauer, ].M.; Boirie, Y.; Cruz-Jentoft,
A].; Dicker, D.; et al. Definition and Diagnostic Criteria for Sarcopenic Obesity: ESPEN and EASO Consensus Statement. Obes.
Facts 2022, 15, 321-335. [CrossRef] [PubMed]

Camacho, PM.; Petak, S.M.; Binkley, N.; Diab, D.L.; Eldeiry, L.S.; Farooki, A.; Harris, S.T.; Hurley, D.L.; Kelly, J.; Lewiecki, EM.;
et al. American association of clinical endocrinologists/american college of endocrinology clinical practice guidelines for the
diagnosis and treatment of postmenopausal osteoporosis—2020 update executive summary. Endocr. Pract. 2020, 26, 564-570.
[CrossRef] [PubMed]

Pan, Y.; Xu, J. Association between Muscle Mass, Bone Mineral Density and Osteoporosis in Type 2 Diabetes. ]. Diabetes Investig.
2022, 13, 351-358. [CrossRef]

Han, H.; Chen, S.; Wang, X,; Jin, J.; Li, X.; Li, Z. Association between Muscle Strength and Mass and Bone Mineral Density in the
US General Population: Data from NHANES 1999-2002. J. Orthop. Surg. Res. 2023, 18, 397. [CrossRef]

Cruz-Jentoft, A.J.; Bahat, G.; Bauer, J.; Boirie, Y.; Bruyére, O.; Cederholm, T.; Cooper, C.; Landi, F,; Rolland, Y.; Sayer, A.A.; et al.
Sarcopenia: Revised European Consensus on Definition and Diagnosis. Age Ageing 2019, 48, 601. [CrossRef]

Albalwi, A.A.; Alharbi, A.A. Optimal Procedure and Characteristics in Using Five Times Sit to Stand Test among Older Adults: A
Systematic Review. Medicine 2023, 102, e34160. [CrossRef]

Bland, M. An Introduction to Medical Statistics; Oxford University Press: Oxford, UK, 2015; ISBN 978-0-19-958992-0.

Shen, Z.; Cen, L.; Chen, X,; Pan, J.; Li, Y,; Chen, W.; Yu, C. Increased Risk of Low Bone Mineral Density in Patients with
Non-Alcoholic Fatty Liver Disease: A Cohort Study. Eur. J. Endocrinol. 2020, 182, 157-164. [CrossRef]

Mantovani, A.; Gatti, D.; Zoppini, G.; Lippi, G.; Bonora, E.; Byrne, C.D.; Nobili, V.; Targher, G. Association Between Nonalcoholic
Fatty Liver Disease and Reduced Bone Mineral Density in Children: A Meta-Analysis. Hepatology 2019, 70, 812-823. [CrossRef]
Yilmaz, Y.; Ozturk, O.; Alahdab, Y.O.; Senates, E.; Colak, Y.; Doganay, H.L.; Coskunpinar, E.; Oltulu, YM.; Eren, E; Atug, O.; et al.
Serum Osteopontin Levels as a Predictor of Portal Inflammation in Patients with Nonalcoholic Fatty Liver Disease. Dig. Liver Dis.
2013, 45, 58-62. [CrossRef]

Nystrom, T.; Dunér, P.; Hultgardh-Nilsson, A. A Constitutive Endogenous Osteopontin Production Is Important for Macrophage
Function and Differentiation. Exp. Cell Res. 2007, 313, 1149-1160. [CrossRef]

Giachelli, C.M.; Steitz, S. Osteopontin: A Versatile Regulator of Inflammation and Biomineralization. Matrix Biol. 2000, 19,
615-622. [CrossRef]

Burdo, T.H.; Wood, M.R.; Fox, H.S. Osteopontin Prevents Monocyte Recirculation and Apoptosis. J. Leukoc. Biol. 2007, 81,
1504-1511. [CrossRef]

Mazzali, M.; Kipari, T.; Ophascharoensuk, V.; Wesson, J.A.; Johnson, R.; Hughes, J. Osteopontin—A Molecule for All Seasons.
QJM 2002, 95, 3-13. [CrossRef]

Deng, H.; Dai, Y,; Lu, H.; Li, S.-S.; Gao, L.; Zhu, D.-L. Analysis of the Correlation between Non-Alcoholic Fatty Liver Disease and
Bone Metabolism Indicators in Healthy Middle-Aged Men. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 1457-1462. [CrossRef]

Fang, D.; Yin, H.; Ji, X.; Sun, H.; Zhao, X.; Bi, Y.; Gu, T. Low Levels of Osteocalcin, but Not CTX or PINP, Are Associated with
Nonalcoholic Hepatic Steatosis and Steatohepatitis. Diabetes Metab. 2023, 49, 101397. [CrossRef]

Xuan, Y.; He, E; Liu, Q.; Dai, D.; Wu, D.; Shi, Y.; Yao, Q. Elevated GGT to HDL Ratio as a Marker for the Risk of NAFLD and Liver
Fibrosis. Sci. Rep. 2025, 15, 10. [CrossRef]

Fujii, H.; Doi, H.; Ko, T.; Fukuma, T.; Kadono, T.; Asaeda, K.; Kobayashi, R.; Nakano, T.; Doi, T.; Nakatsugawa, Y.; et al. Frequently
Abnormal Serum Gamma-Glutamyl Transferase Activity Is Associated with Future Development of Fatty Liver: A Retrospective
Cohort Study. BMC Gastroenterol. 2020, 20, 217. [CrossRef]

Farup, P.G. Changes in Bone Turnover Markers 6-12 Months after Bariatric Surgery. Sci. Rep. 2024, 14, 14844. [CrossRef]
Nuijten, M.A.H.; Eijsvogels, TM.H.; Monpellier, V.M.; Janssen, .M.C.; Hazebroek, E.].; Hopman, M.T.E. The Magnitude and
Progress of Lean Body Mass, Fat-free Mass, and Skeletal Muscle Mass Loss Following Bariatric Surgery: A Systematic Review
and Meta-analysis. Obes. Rev. 2022, 23, €13370. [CrossRef]

Anyiam, O.; Abdul Rashid, R.S.; Bhatti, A.; Khan-Madni, S.; Ogunyemi, O.; Ardavani, A.; Idris, I. A Systematic Review and
Meta-Analysis of the Effect of Caloric Restriction on Skeletal Muscle Mass in Individuals with, and without, Type 2 Diabetes.
Nutrients 2024, 16, 3328. [CrossRef]

Haeri, N.S.; Perera, S.; Greenspan, S.L. The Association of Bone Turnover Markers with Muscle Function, Falls, and Frailty in
Older Women in Long-Term Care. |. Frailty Aging 2023, 12, 284-290. [CrossRef]

Berzigotti, A.; Tsochatzis, E.; Boursier, ].; Castera, L.; Cazzagon, N.; Friedrich-Rust, M.; Petta, S.; Thiele, M. EASL Clinical Practice
Guidelines on Non-Invasive Tests for Evaluation of Liver Disease Severity and Prognosis—2021 Update. J. Hepatol. 2021, 75,
659-689. [CrossRef]


https://doi.org/10.1159/000521241
https://www.ncbi.nlm.nih.gov/pubmed/35196654
https://doi.org/10.4158/GL-2020-0524
https://www.ncbi.nlm.nih.gov/pubmed/32427525
https://doi.org/10.1111/jdi.13642
https://doi.org/10.1186/s13018-023-03877-4
https://doi.org/10.1093/ageing/afz046
https://doi.org/10.1097/MD.0000000000034160
https://doi.org/10.1530/EJE-19-0699
https://doi.org/10.1002/hep.30538
https://doi.org/10.1016/j.dld.2012.08.017
https://doi.org/10.1016/j.yexcr.2006.12.026
https://doi.org/10.1016/S0945-053X(00)00108-6
https://doi.org/10.1189/jlb.1106711
https://doi.org/10.1093/qjmed/95.1.3
https://doi.org/10.26355/eurrev_201803_14493
https://doi.org/10.1016/j.diabet.2022.101397
https://doi.org/10.1038/s41598-024-84649-w
https://doi.org/10.1186/s12876-020-01369-x
https://doi.org/10.1038/s41598-024-65952-y
https://doi.org/10.1111/obr.13370
https://doi.org/10.3390/nu16193328
https://doi.org/10.14283/jfa.2023.38
https://doi.org/10.1016/j.jhep.2021.05.025

Metabolites 2025, 15, 459 19 of 19

58. Wen, Y,; Jeong, S.; Xia, Q.; Kong, X. Role of Osteopontin in Liver Diseases. Int. ]. Biol. Sci. 2016, 12, 1121-1128. [CrossRef]

59. Glass, O.; Henao, R ; Patel, K.; Guy, C.D.; Gruss, H.].; Syn, W.-K.; Moylan, C.A.; Streilein, R.; Hall, R.; Mae Diehl, A; et al. Serum
Interleukin-8, Osteopontin, and Monocyte Chemoattractant Protein 1 Are Associated with Hepatic Fibrosis in Patients with
Nonalcoholic Fatty Liver Disease. Hepatol. Commun. 2018, 2, 1344-1355. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.7150/ijbs.16445
https://doi.org/10.1002/hep4.1237

	Introduction 
	Materials and Methods 
	Patients 
	Diagnosis of Metabolic Dysfunction-Associated Steatotic Liver Disease and Hypertension 
	Anthropometric Measurements 
	Skeletal Muscle Mass and Bone Mineral Density Assessment 
	Muscle Strength Assessment 
	Quantification of Serum Osteopontin and Procollagen Type 1 N-Terminal Propeptide 
	Statistical Analysis 

	Results 
	Patient Characteristics 
	Assessment of Serum Osteopontin and Procollagen Type 1 N-Terminal Propeptide Concentrations in Patients with Metabolic Dysfunction-Associated Steatotic Liver Disease and Hypertension 
	Correlation Analysis 
	Subgroup Analysis Depending on the OPN and P1NP Serum Concentrations 


	Discussion 
	Limitations of the Study 
	Conclusions 
	References

