THE EUROPEAN SOCIETY OF MEDICINE

Published 31 June 2026 Medical Research Archives, Volume 14 Issue 7

ORIGINAL RESEARCH

Protease Resistance of Diabetic Placentas monitored over

time by Scanning Acoustic Microscopy

Katsutoshi Miura', Toshihide lwashita’

ABSTRACT @ oPeN AccESS

Background: Pregnancy complicated by diabetes mellitus (DM) leads to reduced placental blood
flow, impacting both maternal and fetal health. Although DM placentas exhibit distinct histological
changes, clinical glycemic control has failed to reverse these structural alterations. Hyperglycemia
induces protein glycation and advanced glycation end-products (AGEs) accumulation, which are
highly resistant to degradation. This study aimed to evaluate the structural and functional changes of
DM placentas by monitoring their enzymatic degradation process using scanning acoustic microscopy
(SAM) and comparing the findings with AGEs immunohistochemistry.

Methods: Placental tissues from 6 DM and 5 non-DM pregnancies were fixed, embedded in paraffin,
and sectioned. The sections were subjected to time-course proteolytic digestion using actinase E
(pronase E) at 37 °C. At designated time points, the sections were analyzed using a high-frequency
(320 MHz) SAM system to measure sound attenuation and speed of sound, generating acoustic
histological images. Corresponding or adjacent sections underwent routine light microscopy with
hematoxylin and eosin staining, as well as immunohistochemical staining using anti-AGEs antibodies
(anti-AKR 1B1 and anti-Ne-carboxymethyl lysine). Acoustic values across different tissue components
and time points were statistically compared.

Results: The high-resolution SAM system successfully captured chronological changes in sound
attenuation and speed of sound images during enzymatic digestion, reflecting structural degradation.
DM placentas exhibited significantly higher resistance to protease degradation over time compared
with non-DM placentas. This protease resistance strongly correlated with the localized accumulation
and intensity of AGEs immunoreactivity observed via light microscopy.

Conclusion: SAM combined with enzymatic digestion effectively visualizes the microstructural and
functional differences between DM and non-DM placentas. The accumulation of degradation-
resistant AGEs likely underlies the irreversible structural alterations in DM placentas, offering novel

insights into placental pathology beyond conventional optical microscopy.

Keywords: Advanced glycation end-products, Diabetes mellitus, Placenta pathology, Proteolytic
degradation resistance, Scanning acoustic microscopy, Sound attenuation, Speed of sound
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Introduction
Pregnancy complicated by diabetes mellitus (DM) reduces uterine and placental blood flow, impairing both
maternal health and fetal development.'? Consequently, congenital malformations and perinatal morbidity

remain more common than in the offspring of non-diabetic pregnancies.®*

Diabetes placentas are characterized by increased size, hypervascularity, abundant cytotrophoblasts,
basement membrane thickening, villous immaturity, chorangiosis, and ischemic changes.>” Hyperglycemia
induces protein glycation, resulting in the accumulation of advanced glycation end-products (AGEs). Once
accumulated, AGEs are highly resistant to degradation, which is presumed to impair tissue metabolism.??
However, most placental pathology appears to be independent of glycemic control, and clinical control of
hyperglycemia has failed to alter these placental morphologies.®'°

It has been reported that 48% of gestational DM women in the first pregnancy reappeared DM in the second

pregnancy."’

Prenatal ultrasonography has been widely used to monitor maternal and fetal status and to assess DM-
related risks based on increased placental volume'®'3, microvascular structural changes', and fetal growth

restriction.’

Conventional macro-level ultrasonography (3—10 MHz) faces limitations, such as restricted visualization due
to placental location, difficulty in prenatally diagnosing anomalies like placenta accreta, and an inability to
detect micro-lesions or cellular-level functional changes despite its capacity for standard Doppler and

structural assessments.'

1718 enabling the

In contrast, scanning acoustic microscopy utilizes higher frequencies of 100 MHz or above
precise detection of fine placental morphology and function. By revealing micro-lesions undetected by
conventional ultrasound, this high-frequency modality holds the potential to ultimately enhance the

accuracy of macro-level diagnostic imaging.'?'

In this study, we subjected DM and non-DM placentas to proteolytic enzyme digestion and monitored the
chronological degradation process using scanning acoustic microscopy (SAM) to capture sound attenuation
(SA) and speed of sound (SOS) images. Because SOS increases with tissue stiffness and SA rises with tissue
viscosity °??, SAM observations can provide critical insights into both the mechanical function and
microstructure of tissues. Furthermore, immunohistochemical staining for AGEs was performed to correlate
structural findings with SAM acoustic profiles.

By analyzing these acoustic histological features, this study aims to elucidate the microstructural and
biomechanical alterations in DM placentas, thereby complementing conventional findings obtained via

optical microscopy.

Materials and Methods
Study Population and Clinical Characteristics

This study evaluated and compared six DM placentas and five non-DM placentas regarding their clinical
courses and placental histology. The clinical characteristics of the pregnant women in both groups are

summarized in Table 1.
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Mother Age  Gestationa Placental Placental Size
(y) | Age Weight (g) (cm)

NonDM 34 38w2d 650 16x15.5%2.5
NonDM 31 37wéd 525 15x14x2

NonDM 38 37w4d 530 26x18x1.5
NonDM 35 36w1d 545 17x16.5x2.5
NonDM 30 37w2d 600 19x13.5%2.5
Pregestational DM 36 38w4d 670 20x17x2.5
Gestational DM 28 40w1d 1175 26x22x3.5
Gestational DM 44 41w2d 670 25x13x2.2
Pregestational DM 30 37w3d 930 19x18.5x3
Gestational DM 29 40w0d 610 17x16.5x3
Pregestational DM 29 35w2d 575 15x14.5x2.5

Table 1: Clinical characteristics of pregnant women in the DM group and non-DM group

Placental Tissue Preparation

Placental tissue samples were fixed in a 10% buffered formalin solution, embedded in paraffin, and sliced
into flat sections. Sections were cut at a thickness of 10 pm for SAM and 4 pm for light microscopy (LM).
Because enzymatic digestion creates surface irregularities and increases the risk of tissue detachment from
the glass substrate, amino-coated glass slides (Muto Pure Chemicals, Tokyo, Japan) were utilized to ensure
section adherence during treatment and subsequent immunostaining.

Enzymatic Digestion Process

To degrade the placental tissues, actinase E (pronase E) (Funakoshi, Tokyo, Japan) was dissolved at a
concentration of 1 mg/mL in phosphate-buffered saline (PBS) containing 0.5 mM CaCl,. The tissue sections
were incubated in this enzyme solution at 37 °C for designated durations of 15 and 45 minutes. At each
specific time point, the sections were rinsed with distilled water and subjected to SAM observation.
Following each imaging session, the same sections were immediately returned to the enzyme solution for
reincubation.

Scanning Acoustic Microscopy (SAM) Observations

Scanning acoustic microscopy was performed using a high-frequency acoustic microscope system (AMS-
50Al; Honda Electronics, Toyohashi, Aichi, Japan) equipped with a 320-MHz central frequency transducer,
achieving a lateral resolution of 3.8 um?-2>. The tissue section was placed on the microscope stage, using
distilled water as the coupling fluid between the transducer and the specimen. The acoustic waveforms
reflected from the surface and bottom of the sample were compared with calculate the SA and SOS at each
measurement point.?® A blank glass surface without a tissue specimen served as the reference standard (SA:
0 dB/mm, SOS: 1485 m/s). The transducer scanned the sections along the X- and Y-axes over several

minutes to generate comprehensive SA and SOS acoustic histological images.
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Light Microscopic (LM) Observation and Histology

For histological comparison with the acoustic images, LM slides were prepared using sections either
adjacent to the SAM-targeted locations or from the identical sections after SAM imaging. Hematoxylin and
eosin (H&E) staining was performed following standard routine histological protocols employed in the
pathology laboratory.

Immunohistochemistry

Immunohistochemical staining was executed using the Dako REAL EnVision detection system (Agilent,
Santa Clara, CA) via a horseradish peroxidase reaction visualized with 3,3'-diaminobenzidine (DAB). The
primary anti-AGEs antibodies utilized were anti-AKR 1B1 (ab153897; Abcam, Tokyo, Japan) and anti-N=-
carboxymethyl lysine (CML; JalCA, Fukuroi, Shizuoka, Japan). For antigen retrieval, the sections were
immersed in 10 mM Tris-EDTA buffer (pH 9.0; Abcam) and heated at 95 °C for 30 minutes. Following

immunostaining, the sections were counterstained with hematoxylin.

Statistical Analysis

The mean values and standard deviations (SD) for SA and SOS were calculated from at least five distinct
regions of interest (ROls) per slide. The differences in mean SA and SOS values between the DM and non-
DM placentas, as well as across the different digestion time points, were evaluated using Student’s t-test
where appropriate. Continuous datasets were verified for normal distribution prior to hypothesis testing. All
statistical computations, including ROl mean evaluations, dot-plot generation, and t-test analyses, were
conducted using a commercial software package (BellCurve for Excel; Social Survey Research Information,
Tokyo, Japan). Statistical significance was defined as a p-value < 0.05.

Results
Clinical Characteristics of the Study Cohort

The clinical data of the pregnant women in the DM and non-DM groups are summarized in Table 1. A total
of six patients in the DM group and five patients in the non-DM group were evaluated and compared
regarding their clinical courses and placental histology. There were no statistically significant differences
between the two groups in terms of maternal age (p = 0.77), gestational age at delivery (p = 0.21), or
placental weight (p = 0.094).

Alterations in SA and SOS Values After Actinase Digestion

Figure 1 shows dot plots of the SA and SOS values following actinase digestion. The mean SA and SOS
values (+ standard deviation) were plotted to compare chronological changes between the DM and non-
DM groups. Each mean and standard deviation value was shown in Table 2.

Before digestion, the SA values of the DM group were significantly higher than those of the non-DM group
(p = 0.006). This difference remained significantly greater at 15 minutes post-digestion (p = 0.001). However,
by 45 minutes after digestion, no significant difference in SA values was found between the two groups.
Both groups exhibited a significant decline in SA over the course of enzymatic digestion.
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Similarly, the SOS values of the DM group were significantly greater than those of the non-DM group both
before digestion (p = 0.0026) and at 15 minutes post-digestion (p = 0.011). Following the enzymatic
treatment, the SOS values in both groups significantly decreased over time.

Fig. 1A: Normal vs DM SA values
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Figure 1: Dot plot of villous SA (Fig. 1A) and SOS (Fig. 1B) values after actinase digestion. Mean SA and
SOS values (+ standard deviation) after digestion are compared between DM and non-DM groups.

SA Nor-Om | Nor-15m Nor-45m DM-0Om DM-15m DM-45m
dB/mm

n 70 70 70 70 70 70
Mean 7.27 5.57 4.30 8.07 6.75 5.05

SD 1.53 1.48 2.05 1.75 1.86 2.18
SOSm/s | NOR-Om | NOR-15m | NOR-45m DM-0Om DM-15m DM-45m
n 90 90 90 90 90 90
Mean 1648.21 | 1622.96 1572.79 1679.13 1645.64 1590.00
SD 58.70 51.38 48.10 75.87 66.34 66.82

Table 2: Mean and standard deviation of SA and SOS values post-digestion
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SA and SOS Images of DM and non-DM Villi After Actinase Digestion

The SA images of both the DM (Fig. 2A) and non-DM (Fig. 2B) groups displayed a progressive loss of color
intensity over the course of digestion, visually reflecting the gradual decrease in SA values. However, even
at 45 minutes post-digestion, certain focal, dotted regions within the SA images of the DM group
maintained high values compared with those of the non-DM group.

Light microscopic observations of H&E-stained sections before and 45 minutes after digestion revealed
more abundant, well-developed blood vessels in the DM villi than in the non-DM villi. At 45 minutes post-
digestion, the overall villous architecture had largely disappeared, leaving only stromal fibrous elements,

focal dotted structures, and erythrocytes.

Similarly, the SOS images exhibited a chronological reduction in color intensity after digestion (Fig. 2C, 2D),
corresponding to the gradual decline in SOS values. At 45 minutes post-digestion, the villous structures of
the non-DM placentas were more severely disrupted than those of the DM placentas. Nonetheless, faint
dotted and fibrous remnants remained detectable in the villi of both groups at the 45-minute mark.
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Figure 2: SA and SOS i |mages of DM and non-DM villi after actinase digestion

Immunohistochemical Staining of Advanced Glycation End-Products

Immunohistochemical staining for AGEs using anti-AKR 1B1 and anti-CML antibodies revealed prominent
positive immunoreactivity in the DM villi (Fig. 3A) compared with the non-DM villi (Fig. 3B). In the DM vill,

the stromal fibers exhibited a well-defined, positive fibrous network. In contrast, the non-DM villi displayed

only faint staining, indicating a low baseline accumulation of AGEs.
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Fig. 3A: DM villi
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Figure 3. Anti-AKR1B1 and anti-CML immunostaining of the DM and non-DM villi

Discussion

In this study, the clinical characteristics of the study cohort showed no significant differences in maternal
age, gestational age at delivery, or placental weight between the two groups. Histologically, however, DM
placentas exhibited hypervascularity and enlarged villi accompanied by focal ischemic changes compared
with non-DM placentas. Notably, all patients in the DM group had received medical treatment for
hyperglycemia, with two requiring insulin therapy. Although limitation of small sample size should be
acknowledged, these findings demonstrate that the characteristic pathological features of DM placentas
persisted despite clinical glycemic control. Metabolic memory, that is adverse effects of abnormal
metabolism persist even after receiving treatment, probably apply in the diabetic placenta.?’?® The
accumulation of AGEs is a likely underlying factor driving these irreversible structural alterations.

During actinase digestion, the SA and SOS values of the DM group were significantly higher than those of
the non-DM group both before digestion and at 15 minutes post-digestion. However, by the 45-minute
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mark, this statistical significance disappeared. This phenomenon likely reflects the differing kinetics and
saturation limits of proteolytic degradation between the two groups. Alternatively, at the 45-minute mark,
ongoing tissue degradation may have led to increased variability (standard deviation) in the measurements,

thereby obscuring statistically significant differences.

When tracking enzymatic digestion using LM, individual tissue sections must be prepared for each time
point. However, direct comparison remains challenging due to subtle variations in section thickness and
cutting planes between samples. In contrast, scanning acoustic microscopy facilitates longitudinal
observation by enabling sequential imaging on the exact same tissue section over time.

Light microscopic images obtained 45 minutes after digestion displayed extensively collapsed villous
architectures in both groups. Because the non-DM placentas lacked the protective effects of widespread
glycation, they reached a degradation plateau earlier than the DM group. In contrast, the protein matrix in
the DM group, though initially more resistant, underwent progressive degradation over the prolonged
incubation, eventually approaching a similar level of structural collapse by 45 minutes.

Immunohistochemical analysis revealed that the focal dotted and fibrous stromal structures within the DM
villi retained their integrity even after 45 minutes of enzymatic digestion. Notably, these highly resistant
remnants closely corresponded to the spatial distribution of AGEs observed via LM. The DM group
exhibited a substantially higher accumulation of AGEs than the non-DM group. This finding aligns with the
established physiological fact that AGEs preferentially accumulate in long-lived proteins, such as collagen
matrices, which undergo slow turnover. *

Light microscopy allows for the qualitative evaluation of placental alterations using complex staining
methods. However, quantitative comparison among different sections remains challenging. In contrast,
SAM require no staining and offer the distinct advantage of non-destructively evaluating both tissue
microstructure and biomechanical functions, such as elasticity and viscosity. Furthermore, the quantification
of SOS and SA values enables rigorous statistical comparisons, providing an objective, reproducible metric
to supplement conventional histopathological assessments.

Conclusion

In conclusion, this SAM-based study demonstrated the chronological breakdown of placental tissues and
revealed that DM placentas possess significantly greater stiffness and viscosity than non-DM placentas. The
higher accumulation of AGEs within the protein matrix of DM placentas confers marked resistance to
proteolytic degradation. This resistance potentially contributes to delayed protein metabolism and the
impairment of maternal-fetal substance transport across the villous membrane.

While conventional clinical ultrasound examinations are widely used to monitor maternal and fetal well-
being, this microstructural acoustic assessment bridging the gap between histology and physics provides a
solid mechanistic explanation for those macroscopic alterations. Ultimately, expanding the application of
SAM to evaluate and diagnose other pathological conditions beyond DM holds great promise for advancing
translational medicine and placental pathology.
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