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ORIGINAL ARTICLE

Fetal vascular malperfusion score is linked with developing
preeclampsia in women with gestational diabetes mellitus:
a retrospective cohort study
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SUMMARY

OBJECTIVE: Fetal vascular malperfusion is associated with poor perinatal outcomes in women with preeclampsia and gestational diabetes mellitus.
The aim of this study was to determine the association between fetal vascular malperfusion score and syncytiotrophoblast basement membrane
thickness and clinicopathological variables, such as developing preeclampsia in women with gestational diabetes mellitus.

METHODS: This retrospective cohort study included 65 pregnant participants (34 with gestational diabetes mellitus and 31 controls) between
January 2019 and January 2022. Gestational diabetes mellitus was diagnosed as 22 of 4 elevated values on a 3-h, 100-g oral glucose tolerance test.
The fetal vascular malperfusion score was evaluated by endothelial CD34 positivity in the villous stroma of the placenta. The association between
fetal vascular malperfusion score and syncytiotrophoblast basement membrane thickness with clinicopathological variables in women with gestational
diabetes mellitus was evaluated.

RESULTS: It was revealed that the gestational diabetes mellitus group had greater fetal vascular malperfusion scores than the control group
(gestational diabetes mellitus group fetal vascular malperfusion score: 34.249.1 and control group fetal vascular malperfusion score: 26.5+8.7,
respectively, p=0.0009). Syncytiotrophoblast basement membrane thickness was correlated with the development of preeclampsia, trophoblast
proliferation, and fetal vascular malperfusions (0.3952, p=0.0129; 0.3487, p=0.0211; and 0.4331, p=0.0082, respectively). On the contrary, fetal
vascular malperfusions were correlated with the development of preeclampsia, villous edema, and trophoblast proliferation (0.3154, p=0.0343;
0.2922,p=0.4123; and 0.3142, p=0.0355, respectively).

CONCLUSION: The gestational diabetes mellitus group displayed significantly higher fetal vascular malperfusion scores and thickening of the
syncytiotrophoblast basement membrane than the control group. There is a correlation between developing preeclampsia and the fetal vascular
malperfusion scores and the syncytiotrophoblast basement membrane thickness.
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INTRODUCTION

and mortality. The degree to which the maternal plasma level of

Gestational diabetes mellitus (GDM) is characterized as impaired
glucose tolerance or overt diabetes occurring during pregnancy'-.
The prevalence of GDM varies worldwide (2-38%) among racial
and ethnic groups, and recently, it has been increasing gradu-
ally owing to advanced maternal age and obesity outbreaks®*.

The human placenta serves as a temporal organ that might
be considered a two-way mirror reflecting the metabolic status
of both mother and fetus; therefore, it might be used to denote
metabolic dysregulation during pregnancy, such as GDM>*.
Hyperglycemia is an essential factor in the formation of histo-
pathological alterations’. Maternal hyperglycemia might lead to
alterations in the placental structure and function that compromise

fetal development, with an increased risk of perinatal morbidity

glucose promotes placental alterations has yet to be unveiled®.
Recent studies have revealed that GDM is associated with
histopathological alterations, including increased placental
thickness and weight, perivillous fibrin deposits, villous imma-
turity and edema, cytotrophoblastic hyperplasia, and thickening
of the syncytiotrophoblast basement membrane”®. The villous
immaturity leads to an excessive gap between the intervillous
space and fetal vasculature that endangers maternal—fetal oxy-
gen transport’. The transporting unit in the human placenta
is the syncytiotrophoblast membrane, which facilitates glucose
transport across the placenta. It is hypothesized that the base-
ment membrane of the syncytiotrophoblast is the rate-limiting

step in glucose transport®.
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The most prominent histopathological characteristic of fetal
vascular malperfusion (FVM) is the loss of vasculature in chori-
onic villi, which can be detected readily with hematoxylin and
eosin (H&E) staining at the later stages of FVM. The utiliza-
tion of CD34 immunostaining for detecting the early stages
of FVM has just come into the pathological practice to over-
come the inefliciencies of H&E staining'. The overidentifica-
tion of FVM based on CD34 immunostaining in the lobular
villous vasculature and endothelium empowers the correlation
of FVM with umbilical cord compromise and stillbirth, as well
as poor perinatal outcomes in maternal preeclampsia, maternal
diabetes mellitus, and intrauterine growth restriction IUGR)'"-
3. However, it can be appreciated in the normal population
in the short term'. In light of all the facts mentioned above,
identifying FVM has the utmost importance in the histopatho-
genesis of GDM and its correlation with perinatal outcomes.

This study aimed to determine the association between
the FVM score and syncytiotrophoblast basement membrane
thickness with clinicopathological variables, such as develop-
ing preeclampsia in women with GDM.

METHODS

Ethical statement

This study was held in parallel with the Helsinki Committee’s
essentials. Ethical approval was obtained from the Ethics
Committee of Balikesir University with the approval number
2021-195, and this retrospective cohort study included 65 par-
ticipants between January 2019 and January 2022.

Study design

Women with singleton pregnancies underwent a two-step
approach to detecting GDM, and they were followed until
delivery. Women with singleton pregnancies were screened with
a 1-h 50-g glucose challenge test (GCT) from the 24th to 28th
weeks of pregnancy. Women with positive GCT results (glucose
2140 mg/dL) proceeded to a diagnostic 3-h, 100-g oral glucose
tolerance test (OGTT). Women with negative GCT results were
included in the control group. Women with two or more ele-
vated values on a 3-h, 100-g OGTT based on Carpenter and
Coustan criteria' were included in the GDM group.

Based on these results, 65 age-matched women participated
in the study in either the GDM (n=34) or the control group
(n=31), and their placental specimens were retrieved after deliv-
ery. Women with a history of hypertension, pregestational dia-
betes, multiple pregnancies, intrauterine infections, and fetal
anomalies were excluded from the study.
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Immunohistochemistry and fetal vascular
malperfusion score evaluation

Standardized tissue preparation protocols were followed during
the histopathological examination of the placentas, as in the
literature!®. Afterward, anti-human monoclonal CD34 anti-
body (anti-CD34 ab, Abcam, Cambridge, MA) was applied
to the slides, and the tissue extracts were rinsed again with
phosphate-buffered saline (PBS), followed by staining with
H&E and periodic acid—Schiff (PAS) to describe the pla-
cental alterations.

Villous immaturity is defined as the combination of
reduced terminal villous surface area, irregular villous con-
tour, syncytial knots, villous edema, fibrin deposition, tropho-
blast proliferation, and increased layer thickness. It was eval-
uated under light microscopy with H&E and PAS staining.
The addition of an anti-CD34 antibody, which is primarily
used to empower the diagnosis of FVM, is a valuable marker
for highlighting the villous vasculature and endothelium
(Figure 1)'°. The pictures of three randomly selected areas of
the terminal villi (40x) were analyzed by an image process-
ing system (Image] open access program from the National
Institute of Health). The pictures were uploaded to the pro-
gram and then converted into 8-bit images. Afterward, the
CD34 staining intensity was evaluated by adding area frac-

tions, which correspond to the FVM scores.

Statistical analysis

Statistical and power analyses of this study were performed with
the open-source Jamovi statistical software (version 2.3.21) and
G*Power software (version 3.1.9.7). According to the literature,
the minimum sample size was calculated as 36 per group based
on o error: 0.001, power: 0.95, and effect size d: 1. The dis-
tribution and homogeneity of groups were evaluated by skew-
ness, kurtosis, Levene’s test, and Kolmogorov-Smirnov test.

The variables between the study groups were compared using

Figure 1. CD34 immunostaining of terminal villiin the control and the
gestational diabetes mellitus groups. (A) Weak CD34 (+) immunostaining
inthe control group (low fetal vascular malperfusion score) (40x). (B)
Strong CD34 (+) immunostaining in the gestational diabetes mellitus
group (high fetal vascular malperfusion score) (40x). FVM: fetal vascular
malperfusion; BV: blood vessel; IVS: intervillous space.
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the Mann-Whitney U and chi-squared tests. Spearman’s cor-
relation analysis was performed on the variables. Statistical sig-
nificance was determined as p<0.05.

RESULTS

Placental tissues were retrieved from 65 women (n=34 for the
GDM group and n=31 for the control group=), and there were
no significant differences in the context of age, parity, gesta-
tional age, developing preeclampsia, fasting blood glucose level,
fetal macrosomia, neonatal hypoglycemia, or fetal birth weight
between the study groups. The clinical features of the study
groups are summarized in Table 1.

The morphological assessment concluded that there
were no differences between the study groups regard-
ing placental weight. The placental tissue of the GDM
group displayed significantly higher villous immaturity,
trophoblastic cell proliferation, and thickening of the

Table 1. The clinical features of the study groups.

syncytiotrophoblast basement membrane compared with
the control group (p=0.0002, p=0.0126, and p=0.0002,
respectively) (Table 2).

However, there were no statistical differences between the
study groups in the context of villous edema or fibrin throm-
bus in placental tissue (p= 0.6430 and p= 0.7685, respectively).
It was revealed that the GDM group had higher FVM scores
than the control group (34.2£9.1 versus 26.518.7, respectively,
p=0.0009) (Table 2).

Regarding the association between pathological alterations of
the placenta and GDM group variables, the syncytiotrophoblast
basement membrane thicknesses were correlated with develop-
ing preeclampsia, trophoblast proliferation, and FVM scores
(p=0.395, p=0.01; p=0.348, p=0.02; and p=0.433, p=0.008,
respectively). On the contrary, FVM scores were correlated with
developing preeclampsia, villous edema, and trophoblast pro-
liferation (p=0.315, p=0.03; p=0.292, p=0.41; and p=0.314,
p=0.03, respectively) (Table 3).

Participants’ characteristics GDM (n=34) Control (n=31)

Age (years), median 30.5 (24-40) 29 (22-42) 0.47
Parity (n) 1(0-3) 1(0-4) 0.91
Fasting blood glucose (mg/dl) 88.5(68-121) 76 (67-94) 0.09
Gestational age (weeks) 38 weeks+3 days 38 weeks+2 days 0.32
Fetal macrosomia?, n (%) 6 (17%) 2 (6%) 0.17
Neonatal hypoglycemia®, n (%) 3 (8%) 0 0.09
Developing preeclampsia®, n (%) 3(8%) 0 0.09
Fetal weight (g) 3,390 (2,450-5,150) 3,320 (2,850-4,210) 043

SD: standard deviation; GDM: gestational diabetes mellitus. Age and fetal weight are expressed as mean£SD. #Fetal macrosomia is defined as birth weight
>4,000 g*. "According to the AAP Neonatal Hypoglycemia Guideline”. <‘According to the ACOG Preeclampsia Guideline 20201,

Table 2. Pathological features of placentas in the study groups.

Participants’ characteristics GDM (n=34) Control (n=31)

Placental weight (g) | 538 (365-750) | 489 (398-577) | 0.23
Umbilical cord insertion

Central 30 28 0.13

Marginal 4 3 0.18
Villous immaturity 33/34 (97%) 18/31 (58%) 0.0002***
Villous edema 7 (21%) 5(16%) 0.64
Fibrin thrombus 11(32%) 9(29%) 0.76
Trophoblast proliferation 30/34 (88%) 19/31(61%) 0.01*
Trophoblast BM thickness 27/34 (79%) 10/31 (32%) 0.0002***
FVM score 34.249.1 26.5+8.7 0.0009***

*p<0.05, ***p<0.001. Placental weight and FVM score are expressed as meanSD. SD: standard deviation; GDM: gestational diabetes mellitus; BM: basement
membrane; FVM: fetal vascular malperfusion. Bold indicates statistically significant values.
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Table 3. Correlation of fetal vascular malperfusion score and trophoblast basement membrane thickness with gestational diabetes mellitus

group variables.

Fasting blood glucose 0.202 0.09 0.124 0.21
Neonatal hypoglycemia? 0.123 0.36 0.115 0.31
Preeclampsia® 0.315 0.03" 0.395 0.01"
Fetal weight 0.154 0.12 0.214 0.06
Villous immaturity 0.104 0.19 0.042 0.62
Villous edema 0.292 0.41 0.151 0.11
Fibrin thrombus 0.185 0.31 0.119 0.30
Trophoblast proliferation 0.314 0.03* 0.348 0.02¢
FVM score 0.433 0.008"*

*p<0.05, **p<0.01. BM: basement membrane; FVM: fetal vascular malperfusion. *According to the AAP Neonatal Hypoglycemia Guideline®¢. PAccording to the
ACOG Preeclampsia Guideline 2020". Bold indicates statistically significant values.

DISCUSSION

Gestational diabetes mellitus is one of the most challenging
endocrine disorders diagnosed during pregnancy, and it has been
related to a considerably high incidence of complications such
as fetal macrosomia, preeclampsia, and fetal growth restriction®.
Even if it stayed under the statistical significance, we noticed
that the GDM group had a higher incidence of fetal macro-
somia, neonatal hypoglycemia, and developing preeclampsia
than the control group.

Gestational diabetes mellitus is associated with the alter-
ations in placental function and villous structure, as correlated
with maternal hyperglycemia®®. In line with the literature, we
revealed that placental alterations, including increased villous
immaturity, cytotrophoblastic hyperplasia, and thickening of
the syncytiotrophoblast basement membrane, were more fre-
quent in the GDM group 7#2">2. Moreover, syncytiotropho-
blast basement membrane thickness was correlated with the
development of preeclampsia and FVM scores. The thickening
of the syncytiotrophoblast basement membrane is a frequent
histopathological alteration in GDM. It is accompanied by
villous immaturity, with diminished total surface area of ter-
minal villi and in number>'**. These alterations jeopardize
maternal—fetal oxygen and nutrient transport and ultimately
cause fetal macrosomia, preeclampsia, and intrauterine fetal
growth restriction’.

Fetal vascular malperfusion (formerly known as fetal
thrombotic vasculopathy) is a new term and is related to
the prominent chronic hypoxic placental injury that can be
linked with an increased risk of perinatal morbidity and mor-
tality®*®. In this study, FVM scores were correlated with the
development of preeclampsia and pathological alterations of
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the placenta, such as villous edema and trophoblastic hyper-
plasia, found in the literature?*®. Even though the mecha-
nism of FVM is unclear, it has been revealed that maternal
hyperglycemia is the main perpetrator in the pathogenesis of
endothelial cell injury in fetal vessels via oxidative stress and
inflammation, which causes thrombosis and endothelial cell
loss in women with GDM?4%.

The limitations of this study need to be acknowledged.
First, the low number of placental tissues could be a barrier
to generalizing the study results. Second, the heterogeneity of
patients with GDM in pregestational weight, body mass index
(BMI), and gestational weight gain might be confounding fac-
tors for FVM scores. Third, the retrospective cohort studies

provide a level 3 grade of evidence.

CONCLUSION

This study revealed that the GDM group demonstrated
significantly higher villous immaturity, trophoblastic
hyperplasia, FVM score, and thickening of the syncy-
tiotrophoblast basement membrane. Additionally, syncy-
tiotrophoblast basement membrane thickness and FVM
scores were correlated with developing preeclampsia and
trophoblast proliferation.

ACKNOWLEDGMENTS

We thank Scribendi Editing and Proofreading Services (https://
www.scribendi.com) for English language editing. We also thank
our colleagues Eren Altun, M.D., and Cagla Bahar Bulbul,
M.D., for contributing to the study.

Rev Assoc Med Bras. 2023;69(12):¢20230795


https://www.scribendi.com
https://www.scribendi.com

Afsar Setal.

ETHICAL STATEMENT

This study was held in parallel with the Helsinki Committee’s
essentials. Ethical approval was obtained from the Ethics
Committee of Balikesir University with the approval
number 2021-195, and this retrospective cohort study
included 65 participants between January 2019 and
January 2022.

REFERENCES

1. Coustan DR, Dyer AR, Metzger BE. One-step or 2-step testing
for gestational diabetes: which is better? Am J Obstet Gynecol.
2021;225(6):634-44. https://doi.org/10.1016/j.2jog.2021.05.009

2. Cho NH, Shaw JE, Karuranga S, Huang Y, Rocha Fernandes JD,
Ohlrogge AW, et al. IDF Diabetes Atlas: Global estimates of
diabetes prevalence for 2017 and projections for 2045. Diabetes
Res Clin Pract. 2018;138:271-81. https://doi.org/10.1016/j.
diabres.2018.02.023

3. Ogurtsova K, Rocha Fernandes JD, Huang Y, Linnenkamp U,
Guariguata L, Cho NH, et al. IDF Diabetes Atlas: Global estimates
for the prevalence of diabetes for 2015 and 2040. Diabetes
Res Clin Pract. 2017;128:40-50. https://doi.org/10.1016/j.
diabres.2017.03.024

4. Carrasco-Wong |, Moller A, Giachini FR, Lima \VV, Toledo F, Stojanova
J,etal. Placental structure in gestational diabetes mellitus. Biochim
Biophys Acta Mol Basis Dis. 2020;1866(2):165535. https://doi.
org/10.1016/j.bbadis.2019.165535

5. Huynh J, Dawson D, Roberts D, Bentley-Lewis R. A systematic
review of placental pathology in maternal diabetes mellitus.
Placenta. 2015;36(2):101-14. https://doi.org/10.1016/j.
placenta.2014.11.021

6. Istrate-Ofiteru AM, Berceanu C, Berceanu S, Busuioc CJ, Rosu GC,
Ditescu D, et al. The influence of gestational diabetes mellitus (GDM)
and gestational hypertension (GH) on placental morphological
changes. Rom J Morphol Embryol. 2020;61(2):371-84. https://
doi.org/10.47162/RJME.61.2.07

7. Berceanu C, Tetileanu AV, Ofiteru AM, Britila E, Mehedintu C, Voicu
NL, et al. Morphological and ultrasound findings in the placenta of
diabetic pregnancy. Rom J Morphol Embryol. 2018;59(1):175-86.
PMID: 29940626

8. Daskalakis G, Marinopoulos S, Krielesi V, Papapanagiotou A,
Papantoniou N, Mesogitis S, et al. Placental pathology in women with
gestational diabetes. Acta Obstet Gynecol Scand. 2008;87(4):403-7.
https://doi.org/10.1080/00016340801908783

9. James-Allan LB, Arbet J, Teal SB, Powell TL, Jansson T. Insulin
stimulates GLUT4 trafficking to the syncytiotrophoblast basal
plasmamembrane in the human placenta. J Clin Endocrinol Metab.
2019;104(9):4225-38. https://doi.org/10.1210/jc.2018-02778

Stanek J, Abdaljaleel M. CD34 immunostain increases the
sensitivity of placental diagnosis of fetal vascular malperfusion
in stillbirth. Placenta. 2019;77:30-8. https://doi.org/10.1016/j.
placenta.2019.02.001

11. Pasztor N, Kereszturi A, Kozinszky Z, Pal A. Identification of causes
of stillbirth through autopsy and placental examination reports.
Fetal Pediatr Pathol. 2014;33(1):49-54. https://doi.org/10.3109
/15513815.2013.850132

12. Kovo M, Schreiber L, Ben-Haroush A, Gold E, Golan A, Bar J. The
placental component in early-onset and late-onset preeclampsiain

10.

5

AUTHORS’ CONTRIBUTIONS

SA: Conceptualization, Investigation, Methodology, Supervision,
Validation, Visualization, Writing — original draft, Writing — review
& editing. GT: Conceptualization, Validation, Visualization, Writing
— original draft. AY: Investigation, Methodology, Supervision.
CSU: Investigation, Validation, Visualization, Writing — origi-
nal draft. AU: Validation, Visualization, Writing — original draft.

relationtofetal growth restriction. Prenat Diagn. 2012;32(7):632-7.
https://doi.org/10.1002/pd.3872

13. LauriniR, LaurinJ,Marsal K. Placental histology and fetal blood flow
in intrauterine growth retardation. Acta Obstet Gynecol Scand.
1994,73(7):529-34. https://doi.org/10.3109/00016349409006268

Pathak S, Lees CC, Hackett G, Jessop F, Sebire NJ. Frequency and
clinical significance of placental histological lesionsin an unselected
population at or near term. Virchows Arch. 2011;459(6):565-72.
https://doi.org/10.1007/s00428-011-1157-z

15. Afsar S, Yigit A, Ozcaglayan R, Usta CS, Bulbul CB, Turan G.
Fetuin-A expression in human umbilical vein endothelial cells
and amnion cells of patients with gestational diabetes mellitus.
Saudi Med J. 2022;43(7):694-9. https://doi.org/10.15537/
sm;j.2022.43.7.20220283

16. Araujo Junior E, Peixoto AB, Zamarian AC, Elito Junior J, Tonni G.
Macrosomia. Best Pract Res Clin Obstet Gynaecol. 2017;38:83-96.
https://doi.org/10.1016/j.bpobgyn.2016.08.003

Thompson-Branch A, Havranek T. Neonatal hypoglycemia. Pediatr
Rev.2017;38(4):147-57. https://doi.org/10.1542/pir.2016-0063

18. Gestational hypertensionand preeclampsia: ACOG practice bulletin,
number 222. Obstet Gynecol. 2020;135(6):237-60. https://doi.
org/10.1097/A0G.0000000000003891

19. Lowe LP, Metzger BE, Dyer AR, Lowe J, McCance DR, Lappin
TR, et al. Hyperglycemia and Adverse Pregnancy Outcome
(HAPO) Study: associations of maternal A1C and glucose with
pregnancy outcomes. Diabetes Care. 2012;35(3):574-80. https://
doi.org/10.2337/dc11-1687

Edu A, Teodorescu C, Dobjanschi CG, Socol ZZ, Teodorescu V,
Matei A, et al. Placenta changes in pregnancy with gestational
diabetes. Rom J Morphol Embryol. 2016;57(2):507-12. PMID:
27516026

Jarmuzek P, Wielgos M, Bomba-Opon D. Placental pathologic
changes in gestational diabetes mellitus. Neuro Endocrinol Lett.
2015;36(2):101-5. PMID: 26071574

Meng Q, Shao L, Luo X, Mu Y, Xu W, Gao C, et al. Ultrastructure
of placenta of gravidas with gestational diabetes mellitus.
Obstet Gynecol Int. 2015;2015:283124. https://doi.
org/10.1155/2015/283124

Stanek J, Biesiada J. Clustering and classical analysis of clinical and
placental phenotypes infetal growth restriction and constitutional
fetalsmallness. Placenta. 2016;42:93-105. https://doi.org/10.1016/].
placenta.2016.04.012

GotoT,Sato Y, Kodama'Y, Tomimori K, Sameshima H, Aman M, et al.
Association between fetal vascular malperfusion and gestational
diabetes. J Obstet Gynaecol Res. 2022:48(1):80-6. https://doi.
org/10.1111/jog. 15046

Sallam NA, Palmgren VAC, Singh RD, John CM, Thompson JA.
Programming of vascular dysfunction in the intrauterine milieu
of diabetic pregnancies. Int J Mol Sci. 2018;19(11):3665. https://
doi.org/10.3390/ijms19113665

14.

17.

20.

21.

22.

23.

24.

25.

Rev Assoc Med Bras. 2023;69(12):20230795


https://doi.org/10.1016/j.ajog.2021.05.009
https://doi.org/10.1016/j.diabres.2018.02.023
https://doi.org/10.1016/j.diabres.2018.02.023
https://doi.org/10.1016/j.diabres.2017.03.024
https://doi.org/10.1016/j.diabres.2017.03.024
https://doi.org/10.1016/j.bbadis.2019.165535
https://doi.org/10.1016/j.bbadis.2019.165535
https://doi.org/10.1016/j.placenta.2014.11.021
https://doi.org/10.1016/j.placenta.2014.11.021
https://doi.org/10.47162/RJME.61.2.07
https://doi.org/10.47162/RJME.61.2.07
https://doi.org/10.1080/00016340801908783
https://doi.org/10.1210/jc.2018-02778
https://doi.org/10.1016/j.placenta.2019.02.001
https://doi.org/10.1016/j.placenta.2019.02.001
https://doi.org/10.3109/15513815.2013.850132
https://doi.org/10.3109/15513815.2013.850132
https://doi.org/10.1002/pd.3872
https://doi.org/10.3109/00016349409006268
https://doi.org/10.1007/s00428-011-1157-z
https://doi.org/10.15537/smj.2022.43.7.20220283
https://doi.org/10.15537/smj.2022.43.7.20220283
https://doi.org/10.1016/j.bpobgyn.2016.08.003
https://doi.org/10.1542/pir.2016-0063
https://doi.org/10.1097/aog.0000000000003891
https://doi.org/10.2337/dc11-1687
https://doi.org/10.2337/dc11-1687
https://doi.org/10.1155/2015/283124
https://doi.org/10.1155/2015/283124
https://doi.org/10.1016/j.placenta.2016.04.012
https://doi.org/10.1016/j.placenta.2016.04.012
https://doi.org/10.1111/jog.15046
https://doi.org/10.1111/jog.15046
https://doi.org/10.3390/ijms19113665
https://doi.org/10.3390/ijms19113665

