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Abstract: Placental hypoxia poses significant risks to both the developing fetus and the mother during
pregnancy, underscoring the importance of early detection and monitoring. Effectively identifying
placental hypoxia and evaluating the deterioration in placental function requires reliable biomarkers.
Molecular biomarkers in placental tissue can only be determined post-delivery and while maternal
blood biomarkers can be measured over time, they can merely serve as proxies for placental function.
Therefore, there is an increasing demand for non-invasive imaging techniques capable of directly
assessing the placental condition over time. Recent advancements in imaging technologies, including
photoacoustic and magnetic resonance imaging, offer promising tools for detecting and monitoring
placental hypoxia. Integrating molecular and imaging biomarkers may revolutionize the detection
and monitoring of placental hypoxia, improving pregnancy outcomes and reducing long-term health
complications. This review describes current research on molecular and imaging biomarkers of
placental hypoxia both in human and animal studies and aims to explore the benefits of an integrated
approach throughout gestation.

Keywords: placental hypoxia; molecular biomarkers; non-invasive imaging

1. Introduction

Placental insufficiency is associated with pregnancy complications, including pre-
eclampsia (PE), fetal growth restriction (FGR), and stillbirth [1]. The pathophysiology
of placental insufficiency is not entirely clear. It involves many factors, including anti-
angiogenic [2,3], pro-inflammatory [4,5], and hypoxic factors [6], representing a complex
web of interactions that profoundly affects the delicate balance required for optimal fetal
development (Figure 1).

Placental hypoxia is a central factor in the development of placental insufficiency [7].
During placentation, the trophoblast cells differentiate and invade the maternal tissues,
establishing the vital placental vascular network that facilitates nutrient and gas exchange
between the mother and fetus. Any disruption in this process can lead to inadequate oxygen
supply to the placenta and subsequently contribute to placental insufficiency and related
pregnancy complications [1,7]. Therefore, assessing placental oxygenation or hypoxia is
essential for understanding part of the pathophysiology of placental insufficiency.

The current approach to monitoring placental function involves ultrasound biometry,
Doppler measurements, and cardiotocography to assess fetal wellbeing [8]. Despite their
utility, the current biomarkers fall short in detecting early signs of placental insufficiency
and precisely predicting adverse pregnancy outcomes. Approximately half of FGR cases
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remain undetected during pregnancy, leading to missed opportunities for timely interven-
tions. Furthermore, once FGR is detected, existing monitoring strategies may inadequately
identify fetal compromise in a timely and reliable manner [9]. Therefore, the incorporation
of reliable biomarkers becomes imperative, especially in determining the optimal timing
for intervention and delivery, a crucial consideration given the delicate balance between
the risks of stillbirth and those associated with preterm birth [10].
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Figure 1. Interplay of factors contributing to placental insufficiency: Examples of potential bi-
omarkers related to each factor presented in the blue box. sFlt-1: Soluble fms-like tyrosine kinase-1, 
VEGF: Vascular endothelial growth factor, sEng: Soluble endoglin, PIGF: Placental growth factor, 
HIF-α: Hypoxia-inducible factor –alpha, CAIX: Carbonic Anhydrase IX, miR-210: microRNA-210, 
IL6: Interleukin 6, IL8: Interleukin 8, TNF-α: Tumor necrosis factor-alpha, G-CSF: Granulocyte col-
ony-stimulating factor. 
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the placenta after delivery becomes apparent too late to intervene, underscoring the im-
portance of alternative methods to monitor placental health in real-time. 

The assessment of dynamic changes of the in utero condition can be facilitated by 
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Figure 1. Interplay of factors contributing to placental insufficiency: Examples of potential biomark-
ers related to each factor presented in the blue box. sFlt-1: Soluble fms-like tyrosine kinase-1,
VEGF: Vascular endothelial growth factor, sEng: Soluble endoglin, PIGF: Placental growth factor,
HIF-α: Hypoxia-inducible factor–alpha, CAIX: Carbonic Anhydrase IX, miR-210: microRNA-210,
IL6: Interleukin 6, IL8: Interleukin 8, TNF-α: Tumor necrosis factor-alpha, G-CSF: Granulocyte
colony-stimulating factor.

One way to identify placental hypoxia is the use of molecular biomarkers, which
can be detected in maternal blood during pregnancy or in placental tissue after delivery.
Circulating biomarkers in maternal blood can provide valuable information about the
overall health status. On the other hand, ex vivo investigations of placental tissue can be
more specific, as it allows the direct examination of the placenta; however, it provides only
a static representation of placental function at a specific time, disregarding the dynamic
changes in placental development throughout gestation. Nevertheless, the assessment
of the placenta after delivery becomes apparent too late to intervene, underscoring the
importance of alternative methods to monitor placental health in real-time.

The assessment of dynamic changes of the in utero condition can be facilitated by
non-invasive imaging techniques that can safely and effectively assess the placental and
fetal condition over time. Non-invasive imaging offers a more comprehensive understand-
ing of the underlying biological processes that drive placental disease development and
progression during multiple gestational phases. Fortunately, recent advances in imaging
technologies such as photoacoustic imaging (PAI) and magnetic resonance imaging (MRI)
have shown great promise in detecting and monitoring placental hypoxia [11,12]. These
imaging techniques have the potential to complement molecular biomarkers, offering a
more thorough understanding of placental function throughout gestation.

While several studies have individually investigated the utility of molecular and
imaging biomarkers, there is an emerging imperative to establish a connection between
these two approaches. In this narrative review, we therefore aimed to examine the current
research on molecular and imaging biomarkers in human and animal studies and identify
studies that have adopted an integrated approach of incorporating both biomarker types to
assess placental hypoxia.
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2. Molecular Biomarkers of Hypoxia

Molecular biomarkers of hypoxia are proteins and genes that are activated in response
to reduced oxygen levels. Several molecular biomarkers, including HIF-1α, CAIX, and
miR-210, are involved in the cellular response to hypoxia [13–15]. These biomarkers can be
measured in placental tissues or maternal blood samples using various techniques, such as
immunohistochemistry, ELISA, and qPCR. Elevated levels of these biomarkers have been
associated with placental hypoxia and adverse pregnancy outcomes. It is important to
note that there are additional downstream biomarkers, particularly angiogenic factors, that
provide further insight into vascular and endothelial dysfunction [2]. However, discussing
these factors falls beyond the scope of this narrative review, which focuses specifically
on hypoxia.

2.1. Hypoxia Inducible Factor (HIF)-α

Hypoxia Inducible Factor (HIF)-α is a transcription factor that plays a critical role
in the cellular response to hypoxia or low oxygen levels. It regulates the expression of
genes involved in various physiological processes, including angiogenesis, metabolism,
and cell survival [16]. HIF is composed of two subunits: HIF-α and HIF-β. The HIF-α
subunit is highly regulated by oxygen availability and it degrades rapidly under normoxia,
while it stabilizes under hypoxia. Under hypoxic conditions, the stabilization of HIF-α
results in its accumulation. Subsequently, HIF-α binds with HIF-β to form an active HIF
complex, which triggers the transcription of target genes, including VEGF. This process
aims to enhance the delivery of oxygen to the hypoxic region of tissues [1]. To gain insights
into the significance of HIF-α in placental insufficiency, several studies have explored its
expression and activity in both human and animal models.

2.1.1. Human Studies

During the first trimester of pregnancy, the levels of HIF-1α protein in the maternal
blood serum, determined through ELISA testing, have demonstrated effectiveness in
predicting preeclampsia (PE). Without the use of uterine artery Doppler, the sensitivity and
specificity of HIF-1α levels were found to be 66.7% and 71.5%, respectively. When combined
with Doppler, the sensitivity increased slightly to 74.2%. This study concludes that the
measurement of HIF-1α protein levels using ELISA, either alone or in combination with
uterine artery Doppler, is an effective approach for predicting PE during the first trimester
of pregnancy [17]. Tianthong et al. showed that serum HIF-1α levels can distinguish
between early-onset and late-onset PE, with higher expression observed in early-onset
cases compared to late-onset and normal control samples [17]. In another prospective
longitudinal study in high cardiovascular risk pregnancies, HIF-1αmRNA levels in plasma
were able to predict later-stage development of PE, with elevated levels observed until
23 weeks of gestation [18]. Others also showed that HIF-1α expression is elevated in
prenatal blood samples taken at the diagnosis of PE, as well as in postnatal blood samples
from pregnancies affected by PE when compared to control samples [19]. After delivery,
studies conducted on ex vivo placental tissue have consistently demonstrated elevated
levels of HIF-1α and HIF-2α in pregnancies affected by PE and FGR [20–25]. Nevertheless,
the number of studies simultaneously examining both HIF-1α and HIF-2α is limited, but
the available research suggests that HIF-2α, rather than HIF-1α, is prominently induced
in placentas from patients with FGR and PE [26,27]. Comparing to blood samples, ex
vivo analysis of HIF-1α has not been successful in differentiating between early-onset and
late-onset PE [25]. This suggests that although HIF-1α levels are altered in ex vivo placenta
samples of PE, they may not be a suitable standalone marker for discriminating between
early and late-onset PE cases.

Furthermore, elevated HIF-1α levels were recorded in pregnant women living in
high altitudes, which is associated with an increased risk of PE and FGR [28,29]. Analysis
of placental tissue from women residing at high altitudes (>2700 m) revealed increased
HIF-1αmRNA and protein levels, suggesting the activation of the hypoxia-inducible factor
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pathway in response to chronic hypoxia. This upregulation of HIF-1α is likely to facilitate
placental oxygen transport by promoting erythropoiesis and placental angiogenesis, which
are critical for supporting fetal growth and development under low oxygen conditions [28].
These findings provide further evidence of the impact of placental hypoxia on pregnancy
outcomes and highlight the relevance of the high-altitude model in understanding the
molecular mechanisms underlying FGR and PE.

2.1.2. Animal Models

In animal models of placental insufficiency, HIF-α expression has been primarily
assessed ex vivo in placental tissue. These studies have consistently reported increased
levels of HIF-1αmRNA in various models of placental insufficiency, including modified
Reduced uterine perfusion pressure (RUPP) (created by ligation of the ovarian arteries
only) in mice [30], L-NAME rats (treated with Nω-nitro-L-arginine methyl ester) [31], and
rats on a low-sodium diet [32]. Additionally, elevated HIF-1α protein levels have been
observed in different models such as RUPP rats and mice [16,33–36], L-NAME rats and
mice [31,37], LPS-treated rats [38], and hypoxia-induced models in rats and mice [16]. In
the case of both modified RUPP and selective RUPP (which involves the ligation of both
ovarian and uterine arteries), elevated HIF-2αmRNA levels have been found compared
to sham. However, HIF-1α was found to be reduced specifically in the case of selective
RUPP [39].

These findings suggest that measurements of HIF-1α and HIF-2α hold promise as po-
tential biomarkers for the prediction and identification of placental insufficiency. However,
further research is needed to fully understand their clinical significance and effectiveness
in predicting conditions such as PE, FGR and stillbirth. Additionally, exploring the com-
bination of these biomarkers with other relevant markers to develop a robust prediction
model is essential.

2.2. Carbonic Anhydrase IX (CAIX)

Carbonic Anhydrase IX (CAIX) is a transmembrane protein that belongs to the carbonic
anhydrase family and plays a crucial role in the regulation of acid-base balance in cells
and highly expressed in hypoxic conditions [40]. In normal condition, CAIX is expressed
in various tissues, including the gastrointestinal tract, kidney, and reproductive organs.
In the placenta, CIAX expression can be observed in the villous cytotrophoblast during
early gestation, indicating its involvement in the placental structure and function at this
stage. Additionally, CIAX is consistently present in the chorionic plate mesenchymal cells
throughout the entirety of a healthy gestation [41]. In placental insufficiency, CAIX have
primarily been investigated in clinical research studies.

Human Studies

CAIX serum levels have been investigated as a potential biomarker for predicting the
onset of pregnancy complications. A recent longitudinal study has examined the possibility
of using CAIX serum level as a biomarker to predict the onset of pregnancy complications
in women with a higher risk of developing PE [13]. The study found that CAIX levels were
significantly increased in women who later developed PE, starting from the 28th week of
gestation, with a high level of sensitivity and specificity (100% and 81.82%, respectively) [13].
This suggests that CAIX could be a reliable predictive biomarker for the onset of PE. Also,
CIAX serum level was elevated in PE patients during the third trimester compared to
normal pregnancies [42]. In addition, in a study comparing oxidative stress and hypoxia
markers in HELLP syndrome, a subtype of severe PE, CAIX levels were significantly higher
in HELLP syndrome patients [43]. These findings suggest that hypoxia induces CAIX and
plays a significant role in the pathophysiology of these pregnancy complications.
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2.3. miR-210

MicroRNAs (miRNAs) are a type of small non-coding RNA that play a critical role in
regulating gene expression at a posttranscriptional level and they function as a regulator
of cell activities including growth, differentiation and apoptosis. Thus, they can serve as
molecular biomarkers for various pathological conditions. Among the many miRNAs
identified, miR-210 has emerged as a promising hypoxia biomarker in many diseases
including cardiovascular diseases, cancer and PE hypoxia [44,45]. Overexpression of
miR-210 appears to negatively impact cell migration and trophoblast invasion, which are
crucial for normal placental development [45].

2.3.1. Human Studies

Overexpression of miR-210 has been detected in the plasma of PE patients [46–48]. In
the second trimester (12–14 weeks of gestation), miR-210 was upregulated in the plasma
of pregnant women who later developed PE [14]. Later in pregnancy, both severe (sPE)
and mild PE (mPE) patients exhibited significantly higher plasma miR-210 expression
levels compared to controls [46,47]. Notably, a study investigating maternal exosomal
miR-210 levels demonstrated that the highest expression was observed in sPE, followed
by mPE, while there were no significant differences between gestational and chronic
hypertension compared to normal pregnancy. This finding emphasizes the role of a hypoxic
placenta in PE development [47]. Furthermore, a PCR array of miR-210 target genes
revealed that downregulated genes in both severe and mild PE cases were associated with
immunosuppression, apoptosis, cell growth, signaling, angiogenesis, and DNA repair
which can be associated with PE risk and severity [46]. In addition, studies have shown
that miR-210 is upregulated in ex vivo placental tissue of patients with PE, both with and
without small-for-gestational age neonates [49]. A recent review reported upregulation
in the placental tissue of PE patients in the majority of studies but downregulation in one
study, suggesting inconsistency of the results [48].

2.3.2. Animal Studies

In a mouse model of PE induced by toll-like receptor 3 agonist, miR-210 was upregu-
lated in the placenta, which is partly driven by HIF-1α and nuclear factor κB (NF-κB) [50].
The expression level of miR-210 was upregulated in the uterine arteries of sheep exposed
to high altitude hypoxia [51]. These results imply that miR-210 is a promising molecular
biomarker for placental hypoxia in PE. It has the potential of early prediction of the dis-
ease. Its expression in the placenta and plasma of PE patients, as well as its impact on
downstream gene expression, suggest its potential utility in clinical practice.

3. Imaging Biomarkers of Hypoxia

Imaging biomarkers are quantitative or qualitative measurements or features derived
from images that provide information about biological processes or functions of a tissue
or organ. These biomarkers can be used to assess disease progression, monitor treatment
response, and aid in diagnosis. In pregnancy, direct and dynamic measures of placental
function are possible through non-invasive imaging techniques such as MRI and photoa-
coustic imaging (PAI) [11,12].

3.1. T2* MRI

MRI has emerged as a non-invasive tool to assess placental function in vivo. Among
various MRI sequences, T2* weighted MRI has shown promising results as an imaging
biomarker of placental hypoxia [52]. T2* is a magnetic resonance imaging parameter that
reflects the decay of the MRI signal intensity over time due to factors such as magnetic field
inhomogeneities caused by the presence of substances like deoxygenated hemoglobin in
the tissue [53]. This sensitivity to changes in the local magnetic field makes T2* MRI useful
as an indicator of tissue hypoxia. Changes in T2* values can provide valuable insights into
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alterations in oxygenation levels within the tissue, making it a critical imaging biomarker
for studying conditions like placental hypoxia.

Baseline quantitative T2* values can be directly related to the oxygenation status of the
tissue. Based on T2* MRI, two functional parameters have been used to assess the change
in signal intensity in response to a gas challenge, such as hyperoxia or hypercapnia. One
is delta T2*, which is based on quantitative T2* values, and this parameter estimates the
change in placenta T2* value from two T2* scans obtained at different conditions. The other
parameter is Blood Oxygen Level Dependent (BOLD) MRI, which is a relative measure of
T2* signal change over time in response to a challenge. Delta T2* and delta BOLD under
gas challenge reflects the hemodynamic status of the tissue.

3.1.1. Human Studies

In a prospective observational study of 100 singleton pregnancies, placental T2* was
found to predict low birth weight better than uterine artery Doppler [54]. Placental T2*
was also able to distinguish between FGR and small-for-gestational-age (SGA) fetuses,
both of which were lower than the control group [55]. Additionally, placental T2* values
were significantly lower in FGR cases validated with ex vivo placental pathology showing
necrosis and fibrosis [56]. Moreover, in a cohort of SGA fetuses with normal fetal Doppler
flows, T2*-weighted placental MRI was found to be a significant predictor of placenta-
related outcomes such as placental vascular malperfusion, SGA at birth, PE, and preterm
delivery [57]. A recent large prospective longitudinal study of 316 pregnancies shows
the potential of T2* to identify pregnancies at risk starting from early to mid-gestation
(10–20 weeks) [58].

Limited studies used oxygenation challenge with MRI to assess the placental condition
in abnormal pregnancies. In cases diagnosed with FGR, the peak delta R2* (1/T2*) value,
representing a change in oxygen saturation levels, during hyperoxia was lower in FGR cases
compared to healthy controls [59]. However, another study found no difference in delta T2*
values in the placenta [60]. These findings indicate that further research is needed to better
understand the relationship between placental oxygenation and abnormal pregnancies, as
well as to determine the reliability and consistency of oxygenation challenge with MRI as a
diagnostic tool.

3.1.2. Animal Studies

In a mouse model of PE induced by fetoplacental overexpression of STOX1A, a tran-
scription factor, MRI revealed a reduction in T2* of the PE placentas [61]. Similarly, in a
cohort of pregnant Rhesus macaques, placental oxygenation assessed by T2* was shown
to be reduced [62]. While in the model of FGR induced by ligation of left uterine vascu-
lar pedicle, baseline T2* was not different between FGR placentas and control, however,
employing BOLD MRI and evaluating delta T2*, a significant decrease in delta T2* in
response to hyperoxygenation was observed in FGR placentas compared to controls [63,64].
Similarly, BOLD-MRI showed impaired placental responses to hypercapnia in a hypoxic
mouse model of placental insufficiency [65].

3.2. Photoacoustic Imaging (PAI)

PAI is a novel imaging technique that combines optical and ultrasound imaging using
non-ionizing nanosecond pulses [66]. This technique can measure placental oxygenation
directly as oxyhemoglobin and deoxyhemoglobin absorb light at different wavelengths.
With this information, it becomes possible to calculate the oxygen saturation levels and
makes. PAI is a promising technique for placental insufficiency particularly due to its
ability to provide absolute measurements of placental oxygenation, which allows for
objective tracking of trends in oxygenation throughout gestation. However, its use in
humans is hampered by the imaging depth limit, which is, however, an area of ongoing
development [66]. Therefore, the application of PAI in pregnancy research is currently
limited to animals.
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Animal Studies

During the transitional phase towards clinical utility, PAI already has been proven
a valuable tool for evaluating placental and fetal oxygenation in animal models. Several
studies reported a reduction in placental oxygen saturation (sO2) measured by PAI in
response to placental hypoxia induced by L-NAME treatment or ACE2 knockout followed
over time [35,37]. Additionally, longitudinal assessment of placental oxygenation revealed
a reduction followed by a slight recovery over time in placental sO2 in the RUPP rat
model [35]. Using the RUPP model of placental insufficiency, PAI has demonstrated
promising potential in testing the therapeutic response on placental oxygenation [67]. In
addition, the reduced placental oxygenation detected by PAI was validated with tissue
hypoxia biomarkers, HIF-1α, confirming placental hypoxia [35,67].

4. Discussion: The Integration of Molecular and Imaging Biomarkers and
Its Challenges

Placental insufficiency in pregnancy complications such PE and FGR can be better
understood through the examination of biomarkers. These biomarkers are associated with
key factors involved in the pathophysiology of placental insufficiency, with a particular
focus on hypoxia in this review. The studies reviewed consistently demonstrate elevated
levels of HIF-α in cases of PE and FGR, both in human blood samples and placental
tissue, suggesting their potential as biomarkers for predicting and identifying placental
insufficiency. Alongside HIF-α, CAIX and miR-210 have also emerged as promising
biomarkers for placental hypoxia. Clinical studies have shown significant increases in
CAIX serum levels in women who later developed PE, while miR-210 expression has
been detected in plasma and tissue samples from patients. These findings underscore
the potential value of these biomarkers in improving our understanding and detection of
placental hypoxia in pregnancy complications (Figure 2).
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37,67].

Imaging biomarkers, including T2* MRI and PAI, provide valuable non-invasive ap-
proaches to evaluate placental function. T2* MRI shows promise in identifying pregnancies
affected by placental insufficiency, enabling the prediction of low birth weight and differ-
entiation between FGR and small-for-gestational-age fetuses. Although PAI is currently
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limited to animal studies, it has the potential in assessing placental and fetal oxygenation
(Figure 2). To maximize the potential of non-invasive imaging biomarkers, it is crucial to
utilize them longitudinally over time, offering more detailed insights into the condition
of the feto-placental unit. While Doppler ultrasound has been widely used, there is a
need to introduce new diagnostic tools that harness the potential of more sensitive and
direct imaging techniques. Despite the current challenges associated with PAI in human
applications, such as limited depth penetration and safety concerns [66], ongoing techno-
logical advancements and research efforts aim to overcome these limitations and enhance
its clinical utility.

Studying molecular or imaging biomarkers solely has established consistent findings
in associating placental hypoxia with an increase in molecular biomarkers such as HIFa,
CAIX, and miR-210 levels or a decrease in imaging biomarker values obtained by T2* MRI
and PAI. On the other hand, few preclinical studies using PAI have explored the integration
of molecular and imaging biomarkers to validate their findings. For example, oxygen
saturation values were compared to ex vivo HIF-α levels in placental tissue, revealing a
negative correlation between the two [35,37,67]. This suggests that the levels of oxygen
saturation and HIF-α expression may provide complementary information about placental
hypoxia. Clinical studies have demonstrated that ex vivo pathological examinations of
affected placentas reveal abnormalities associated with vascular malperfusion, which are
consistent with the outcomes obtained from T2* MRI within the same study [54,56,68].
However, it is important to note that, to our knowledge, no clinical studies have integrated
hypoxia molecular biomarkers with imaging biomarkers in the assessment of placental
insufficiency. The integration of these biomarkers in future clinical studies holds great
potential for a more comprehensive and accurate evaluation of placental hypoxia.

However, the integration of molecular and imaging biomarkers in detecting placental
hypoxia presents certain challenges that need to be addressed. One major challenge is the
standardization of biomarker assessment across different imaging facilities and laboratories
to ensure consistent and reliable results. Additionally, the assessment of both molecular
and imaging biomarkers within the same study can be time-consuming. However, this
approach is crucial to avoid potential false assumptions that may arise when connecting
the results of molecular biomarkers from one study with imaging biomarkers from another
study conducted under different conditions. By integrating both types of biomarkers in a
single study, we can enhance the accuracy and reliability of placental hypoxia detection.

5. Conclusions

Based on this review, HIF-α as the molecular biomarker and T2* MRI as the imag-
ing technique hold promise for predicting and identifying placental-insufficiency-related
conditions. Together, they may provide a comprehensive approach to assess placental
function and guide interventions. Nonetheless, further research and validation studies are
warranted to fully elucidate the clinical significance and effectiveness of this molecular
biomarker and imaging technique pair in improving maternal and fetal outcomes in cases
of placental insufficiency.

The integration of molecular and imaging biomarkers has the potential to revolutionize
the detection and monitoring of placental hypoxia. However, the current utilization of
this integrated approach remains limited to a few studies. To fully understand the clinical
utility of this approach, future investigations should consider several key factors. These
include evaluating biomarkers at early gestational ages, conducting assessments at multiple
time points, examining well-defined patient populations, and utilizing preclinical animal
models. By addressing these factors, researchers can thoroughly investigate the potential
benefits of this approach and validate their clinical utility in the management of placental
insufficiency by finding the optimal indication for timing of pre-term deliveries.



Cells 2023, 12, 2080 9 of 11

Funding: This research was funded by ZonMw grant number (TRIPLET NWO 24434).

Acknowledgments: Figures are created with BioRender.com (13 July 2023).

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

References
1. Patel, J.; Landers, K.; Mortimer, R.H.; Richard, K. Regulation of Hypoxia Inducible Factors (HIF) in Hypoxia and Normoxia

During Placental Development. Placenta 2010, 31, 951–957. [CrossRef] [PubMed]
2. Helmo, F.R.; Lopes, A.M.M.; Carneiro, A.C.D.M.; Campos, C.G.; Silva, P.B.; dos Reis Monteiro, M.L.G.; Rocha, L.P.; dos Reis, M.A.;

Etchebehere, R.M.; Machado, J.R.; et al. Angiogenic and Antiangiogenic Factors in Preeclampsia. Pathol. Res. Pract. 2018, 214,
7–14. [CrossRef] [PubMed]

3. Benton, S.J.; McCowan, L.M.; Heazell, A.E.P.; Grynspan, D.; Hutcheon, J.A.; Senger, C.; Burke, O.; Chan, Y.; Harding, J.E.;
Yockell-Lelièvre, J.; et al. Placental Growth Factor as a Marker of Fetal Growth Restriction Caused by Placental Dysfunction.
Placenta 2016, 42, 1–8. [CrossRef] [PubMed]

4. Raghupathy, R. Cytokines as Key Players in the Pathophysiology of Preeclampsia. Med. Princ. Pract. 2013, 22, 8. [CrossRef]
[PubMed]

5. Al-Azemi, M.; Raghupathy, R.; Azizieh, F. Pro-Inflammatory and Anti-Inflammatory Cytokine Profiles in Fetal Growth Restriction.
Clin. Exp. Obstet. Gynecol. 2017, 44, 98–103. [CrossRef] [PubMed]

6. Korkes, H.A.; De Oliveira, L.; Sass, N.; Salahuddin, S.; Karumanchi, S.A.; Rajakumar, A. Relationship between Hypoxia and
Downstream Pathogenic Pathways in Preeclampsia. Hypertens. Pregnancy 2017, 36, 145–150. [CrossRef]

7. George, E.M.; Granger, J.P. Recent Insights into the Pathophysiology of Preeclampsia. Expert Rev. Obstet. Gynecol. 2014, 5, 557–566.
[CrossRef]

8. Salomon, L.J.; Alfirevic, Z.; Da Silva Costa, F.; Deter, R.L.; Figueras, F.; Ghi, T.; Glanc, P.; Khalil, A.; Lee, W.; Napolitano, R.; et al.
ISUOG Practice Guidelines: Ultrasound Assessment of Fetal Biometry and Growth. Ultrasound Obstet. Gynecol. 2019, 53, 715–723.
[CrossRef]

9. King, V.J.; Bennet, L.; Stone, P.R.; Clark, A.; Gunn, A.J.; Dhillon, S.K. Fetal Growth Restriction and Stillbirth: Biomarkers for
Identifying at Risk Fetuses. Front. Physiol. 2022, 13, 959750. [CrossRef]

10. Johnston, L.B. Abnormal Fetal Growth: Small for Gestational Age, Fetal Growth Restriction, Large for Gestational Age: Definitions
and Epidemiology. Obstet. Gynecol. Clin. N. Am. 2021, 48, 267–279. [CrossRef]

11. Giza, S.A.; Sethi, S.; Smith, L.M.; Empey, M.-E.E.T.; Morris, L.E.; McKenzie, C.A. The Application of in Utero Magnetic Resonance
Imaging in the Study of the Metabolic and Cardiovascular Consequences of the Developmental Origins of Health And disease. J.
Dev. Orig. Health Dis. 2021, 12, 193–202. [CrossRef] [PubMed]

12. Yamaleyeva, L.M.; Brosnihan, K.B.; Smith, L.M.; Sun, Y. Preclinical Ultrasound-Guided Photoacoustic Imaging of the Placenta in
Normal and Pathologic Pregnancy. Mol. Imaging 2018, 17, 1536012118802721. [CrossRef] [PubMed]

13. Galbiati, S.; Gabellini, D.; Ambrosi, A.; Soriani, N.; Pasi, F.; Locatelli, M.; Lucianò, R.; Candiani, M.; Valsecchi, L.; Zerbini, G.; et al.
Early Increase in Circulating Carbonic Anhydrase IX: A Potential New Predictive Biomarker of Preeclampsia. Front. Mol. Biosci.
2023, 10, 1075604. [CrossRef] [PubMed]

14. Ura, B.; Feriotto, G.; Monasta, L.; Bilel, S.; Zweyer, M.; Celeghini, C. Potential Role of Circulating MicroRNAs as Early Markers of
Preeclampsia. Taiwan J. Obstet. Gynecol. 2014, 53, 232–234. [CrossRef]

15. Zimna, A.; Kurpisz, M. Hypoxia-Inducible Factor-1 in Physiological and Pathophysiological Angiogenesis: Applications and
Therapies. BioMed Res. Int. 2015, 2015, 549412. [CrossRef]

16. Siragher, E.; Sferruzzi-Perri, A.N. Placental Hypoxia: What Have We Learnt from Small Animal Models? Placenta 2021, 113, 29–47.
[CrossRef]

17. Tianthong, W.; Phupong, V. Serum Hypoxia-Inducible Factor-1α and Uterine Artery Doppler Ultrasound during the First
Trimester for Prediction of Preeclampsia. Sci. Rep. 2021, 11, 6674. [CrossRef]

18. Galbiati, S.; Inversetti, A.; Causarano, V.; Stenirri, S.; Soriani, N.; Ambrosi, A.; Valsecchi, L.; Candiani, M.; Cremonesi, L.;
Ferrari, M.; et al. HIF1A and MIF as Potential Predictive MRNA Biomarkers of Pre-Eclampsia: A Longitudinal Prospective Study
in High Risk Population. Clin. Chem. Lab. Med. 2015, 53, 1339–1347. [CrossRef]

19. Akhilesh, M.; Mahalingam, V.; Nalliah, S.; Ali, R.M.; Ganesalingam, M.; Haleagrahara, N. Hypoxia-Inducible Factor-1α as a
Predictive Marker in Pre-Eclampsia. Biomed. Rep. 2013, 1, 257. [CrossRef]

20. McCracken, S.A.; Seeho, S.K.M.; Carrodus, T.; Park, J.H.; Woodland, N.; Gallery, E.D.M.; Morris, J.M.; Ashton, A.W. Dysregulation
of Oxygen Sensing/Response Pathways in Pregnancies Complicated by Idiopathic Intrauterine Growth Restriction and Early-
Onset Preeclampsia. Int. J. Mol. Sci. 2022, 23, 2772. [CrossRef]

21. Dai, S.Y.; Kanenishi, K.; Ueno, M.; Sakamoto, H.; Hata, T. Hypoxia-Inducible Factor-2α Is Involved in Enhanced Apoptosis in the
Placenta from Pregnancies with Fetal Growth Restriction. Pathol. Int. 2004, 54, 843–849. [CrossRef]

22. Tsuchiya, K.; Tanaka, K.; Tanaka, H.; Maki, S.; Enomoto, N.; Takakura, S.; Nii, M.; Toriyabe, K.; Katsuragi, S.; Ikeda, T. Tadalafil
Treatment Ameliorates Hypoxia and Alters Placental Expression of Proteins Downstream of MTOR Signaling in Fetal Growth
Restriction. Medicina 2020, 56, 722. [CrossRef] [PubMed]

BioRender.com
https://doi.org/10.1016/j.placenta.2010.08.008
https://www.ncbi.nlm.nih.gov/pubmed/20869770
https://doi.org/10.1016/j.prp.2017.10.021
https://www.ncbi.nlm.nih.gov/pubmed/29174227
https://doi.org/10.1016/j.placenta.2016.03.010
https://www.ncbi.nlm.nih.gov/pubmed/27238707
https://doi.org/10.1159/000354200
https://www.ncbi.nlm.nih.gov/pubmed/23949305
https://doi.org/10.12891/ceog3295.2017
https://www.ncbi.nlm.nih.gov/pubmed/29714875
https://doi.org/10.1080/10641955.2016.1259627
https://doi.org/10.1586/eog.10.45
https://doi.org/10.1002/uog.20272
https://doi.org/10.3389/fphys.2022.959750
https://doi.org/10.1016/J.OGC.2021.02.002
https://doi.org/10.1017/S2040174420001154
https://www.ncbi.nlm.nih.gov/pubmed/33308364
https://doi.org/10.1177/1536012118802721
https://www.ncbi.nlm.nih.gov/pubmed/30348036
https://doi.org/10.3389/fmolb.2023.1075604
https://www.ncbi.nlm.nih.gov/pubmed/36743209
https://doi.org/10.1016/j.tjog.2014.03.001
https://doi.org/10.1155/2015/549412
https://doi.org/10.1016/j.placenta.2021.03.018
https://doi.org/10.1038/s41598-021-86073-w
https://doi.org/10.1515/cclm-2014-0745
https://doi.org/10.3892/br.2012.44
https://doi.org/10.3390/ijms23052772
https://doi.org/10.1111/j.1440-1827.2004.01750.x
https://doi.org/10.3390/medicina56120722
https://www.ncbi.nlm.nih.gov/pubmed/33371356


Cells 2023, 12, 2080 10 of 11

23. Stubert, J.; Schattenberg, F.; Richter, D.U.; Dieterich, M.; Briese, V. Trophoblastic Progranulin Expression Is Upregulated in Cases
of Fetal Growth Restriction and Preeclampsia. J. Perinat. Med. 2012, 40, 475–481. [CrossRef] [PubMed]

24. McCarthy, C.; Cotter, F.E.; McElwaine, S.; Twomey, A.; Mooney, E.E.; Ryan, F.; Vaughan, J. Altered Gene Expression Patterns in
Intrauterine Growth Restriction: Potential Role of Hypoxia. Am. J. Obstet. Gynecol. 2007, 196, 70.e1–70.e6. [CrossRef]

25. Sezer, S.D.; Küçük, M.; Döger, F.K.; Yüksel, H.; Odabaşi, A.R.; Türkmen, M.K.; Cakmak, B.Ç.; Ömürlü, I.K.; Kinaş, M.G. VEGF,
PIGF and HIF-1α in Placentas of Early- and Late-Onset Pre-Eclamptic Patients. Gynecol. Endocrinol. 2013, 29, 797–800. [CrossRef]

26. Colson, A.; Depoix, C.L.; Baldin, P.; Hubinont, C.; Sonveaux, P.; Debiève, F. Hypoxia-Inducible Factor 2 Alpha Impairs Human
Cytotrophoblast Syncytialization: New Insights into Placental Dysfunction and Fetal Growth Restriction. FASEB J. 2020, 34,
15222–15235. [CrossRef]

27. Rajakumar, A.; Whitelock, K.A.; Weissfeld, L.A.; Daftary, A.R.; Markovic, N.; Conrad, K.P. Selective Overexpression of the
Hypoxia-Inducible Transcription Factor, HIF-2α, in Placentas from Women with Preeclampsia. Biol. Reprod. 2001, 64, 499–506.
[CrossRef]

28. Zamudio, S.; Wu, Y.; Ietta, F.; Rolfo, A.; Cross, A.; Wheeler, T.; Post, M.; Illsley, N.P.; Caniggia, I. Human Placental Hypoxia-
Inducible Factor-1α Expression Correlates with Clinical Outcomes in Chronic Hypoxia in Vivo. Am. J. Pathol. 2007, 170, 2171–2179.
[CrossRef]

29. Keyes, L.E.; Armaza, J.F.; Niermeyer, S.; Vargas, E.; Young, D.A.; Moore, L.G. Intrauterine Growth Restriction, Preeclampsia, and
Intrauterine Mortality at High Altitude in Bolivia. Pediatr. Res. 2003, 54, 20–25. [CrossRef]

30. Fushima, T.; Sekimoto, A.; Minato, T.; Ito, T.; Oe, Y.; Kisu, K.; Sato, E.; Funamoto, K.; Hayase, T.; Kimura, Y.; et al. Reduced Uterine
Perfusion Pressure (RUPP) Model of Preeclampsia in Mice. PLoS ONE 2016, 11, e0155426. [CrossRef]

31. Zheng, L.; Huang, J.; Su, Y.; Wang, F.; Kong, H.; Xin, H. Vitexin Ameliorates Preeclampsia Phenotypes by Inhibiting TFPI-2 and
HIF-1α/VEGF in a l-NAME Induced Rat Model. Drug Dev. Res. 2019, 80, 1120–1127. [CrossRef] [PubMed]

32. Bibeau, K.; Sicotte, B.; Béland, M.; Bhat, M.; Gaboury, L.; Couture, R.; St-Louis, J.; Brochu, M. Placental Underperfusion in a
Rat Model of Intrauterine Growth Restriction Induced by a Reduced Plasma Volume Expansion. PLoS ONE 2016, 11, e0145982.
[CrossRef] [PubMed]

33. McClements, L.; Richards, C.; Patel, N.; Chen, H.; Sesperez, K.; Bubb, K.J.; Karlstaedt, A.; Aksentijevic, D. Impact of Reduced
Uterine Perfusion Pressure Model of Preeclampsia on Metabolism of Placenta, Maternal and Fetal Hearts. Sci. Rep. 2022, 12, 1111.
[CrossRef]

34. Sekimoto, A.; Tanaka, K.; Hashizume, Y.; Sato, E.; Sato, H.; Ikeda, T.; Takahashi, N. Tadalafil Alleviates Preeclampsia and Fetal
Growth Restriction in RUPP Model of Preeclampsia in Mice. Biochem. Biophys. Res. Commun. 2020, 521, 769–774. [CrossRef]
[PubMed]

35. Lawrence, D.J.; Escott, M.E.; Myers, L.; Intapad, S.; Lindsey, S.H.; Bayer, C.L. Spectral Photoacoustic Imaging to Estimate in Vivo
Placental Oxygenation during Preeclampsia. Sci. Rep. 2019, 9, 558. [CrossRef]

36. Gilbert, J.S.; Gilbert, S.A.B.; Arany, M.; Granger, J.P. Chbpr-Hypertension Produced By Placental Ischemia In Pregnant Rats Is
Associated With Increased Soluble Endoglin Expression. Hypertension 2009, 53, 399. [CrossRef]

37. Yamaleyeva, L.M.; Sun, Y.; Bledsoe, T.; Hoke, A.; Gurley, S.B.; Brosnihan, K.B. Photoacoustic Imaging for in Vivo Quantification of
Placental Oxygenation in Mice. FASEB J. 2017, 31, 5520–5529. [CrossRef]

38. Robb, K.P.; Cotechini, T.; Allaire, C.; Sperou, A.; Graham, C.H. Inflammation-Induced Fetal Growth Restriction in Rats Is
Associated with Increased Placental HIF-1α Accumulation. PLoS ONE 2017, 12, e0175805. [CrossRef]

39. Shi, M.; Yang, X.; Sun, L.; Ding, Y.; Huang, Z.; Zhang, P.; Yang, X.; Li, R.; Wang, G. Comparison of Different Modified Operations
in the Reduced Uteroplacental Perfusion Pressure Rat Model of Preeclampsia. J. Reprod. Immunol. 2023, 156, 103815. [CrossRef]

40. Pastorekova, S.; Parkkila, S.; Pastorek, J.; Supuran, C.T. Carbonic Anhydrases: Current State of the Art, Therapeutic Applications
and Future Prospects. J. Enzym. Inhib. Med. Chem. 2004, 19, 199–229. [CrossRef]

41. Liao, S.Y.; Lerman, M.I.; Stanbridge, E.J. Expression of Transmembrane Carbonic Anhydrases, CAIX and CAXII, in Human
Development. BMC Dev. Biol. 2009, 9, 22. [CrossRef]

42. Valsecchi, L.; Galdini, A.; Gabellini, D.; Dell’Antonio, G.; Galbiati, S.; Fanecco, A.; Viganò, I.; Smid, M.; Bernardi, R.; Maestroni, S.;
et al. Renal Dysfunction and Podocyturia in Pre-Eclampsia May Be Explained by Increased Urinary VEGF. Nephrol. Dial. Transpl.
2022, 37, 1109–1117. [CrossRef] [PubMed]

43. Mentese, A.; Güven, S.; Demir, S.; Sümer, A.; Yaman, S.Ö.; Alver, A.; Sonmez, M.; Karahan, S.C. Circulating Parameters of
Oxidative Stress and Hypoxia in Normal Pregnancy and HELLP Syndrome. Adv. Clin. Exp. Med. 2018, 27, 1567–1572. [CrossRef]

44. Bavelloni, A.; Ramazzotti, G.; Poli, A.; Piazzi, M.; Focaccia, E.; Blalock, W.; Faenza, I. MiRNA-210: A Current Overview. Anticancer
Res. 2017, 37, 6511–6521. [CrossRef] [PubMed]

45. Jaszczuk, I.; Koczkodaj, D.; Kondracka, A.; Kwaśniewska, A.; Winkler, I.; Filip, A. The Role of MiRNA-210 in Pre-Eclampsia
Development. Ann. Med. 2022, 54, 1350. [CrossRef] [PubMed]

46. Jairajpuri, D.S.; Malalla, Z.H.; Sarray, S.; Mahmood, N. Analysis of Differential Expression of Hypoxia-Inducible MicroRNA-210
Gene Targets in Mild and Severe Preeclamptic Patients. Non-Coding RNA Res. 2021, 6, 51. [CrossRef]

47. Biró, O.; Alasztics, B.; Molvarec, A.; Joó, J.; Nagy, B.; Rigó, J. Various Levels of Circulating Exosomal Total-MiRNA and MiR-210
HypoxamiR in Different Forms of Pregnancy Hypertension. Pregnancy Hypertens. 2017, 10, 207–212. [CrossRef]

48. Frazier, S.; McBride, M.W.; Mulvana, H.; Graham, D. From Animal Models to Patients: The Role of Placental MicroRNAs,
MiR-210, MiR-126, and MiR-148a/152 in Preeclampsia. Clin. Sci. 2020, 134, 1001. [CrossRef]

https://doi.org/10.1515/jpm-2011-0277
https://www.ncbi.nlm.nih.gov/pubmed/22945272
https://doi.org/10.1016/j.ajog.2006.08.027
https://doi.org/10.3109/09513590.2013.801437
https://doi.org/10.1096/fj.202001681R
https://doi.org/10.1093/biolreprod/64.2.499
https://doi.org/10.2353/ajpath.2007.061185
https://doi.org/10.1203/01.PDR.0000069846.64389.DC
https://doi.org/10.1371/journal.pone.0155426
https://doi.org/10.1002/ddr.21596
https://www.ncbi.nlm.nih.gov/pubmed/31486114
https://doi.org/10.1371/journal.pone.0145982
https://www.ncbi.nlm.nih.gov/pubmed/26727492
https://doi.org/10.1038/s41598-022-05120-2
https://doi.org/10.1016/j.bbrc.2019.10.186
https://www.ncbi.nlm.nih.gov/pubmed/31703840
https://doi.org/10.1038/s41598-018-37310-2
https://doi.org/10.1161/HYPERTENSIONAHA.108.123513
https://doi.org/10.1096/fj.201700047RR
https://doi.org/10.1371/journal.pone.0175805
https://doi.org/10.1016/j.jri.2023.103815
https://doi.org/10.1080/14756360410001689540
https://doi.org/10.1186/1471-213X-9-22
https://doi.org/10.1093/ndt/gfab175
https://www.ncbi.nlm.nih.gov/pubmed/33950200
https://doi.org/10.17219/acem/74653
https://doi.org/10.21873/ANTICANRES.12107
https://www.ncbi.nlm.nih.gov/pubmed/29187425
https://doi.org/10.1080/07853890.2022.2071459
https://www.ncbi.nlm.nih.gov/pubmed/35543206
https://doi.org/10.1016/j.ncrna.2021.03.001
https://doi.org/10.1016/j.preghy.2017.09.002
https://doi.org/10.1042/CS20200023


Cells 2023, 12, 2080 11 of 11

49. Pineles, B.L.; Romero, R.; Montenegro, D.; Tarca, A.L.; Han, Y.M.; Kim, Y.M.; Draghici, S.; Espinoza, J.; Kusanovic, J.P.; Mittal, P.;
et al. Distinct Subsets of MicroRNAs Are Expressed Differentially in the Human Placentas of Patients with Preeclampsia. Am. J.
Obstet. Gynecol. 2007, 196, 261.e1–261.e6. [CrossRef]

50. Kopriva, S.E.; Chiasson, V.L.; Mitchell, B.M.; Chatterjee, P. TLR3-Induced Placental MiR-210 down-Regulates the STAT6/Interleukin-4
Pathway. PLoS ONE 2013, 8, e67760. [CrossRef]

51. Hu, X.Q.; Dasgupta, C.; Xiao, D.; Huang, X.; Yang, S.; Zhang, L. MicroRNA-210 Targets Ten-Eleven Translocation Methylcytosine
Dioxygenase 1 and Suppresses Pregnancy-Mediated Adaptation of Large Conductance Ca2+-Activated K+ Channel Expression
and Function in Ovine Uterine Arteries. Hypertension 2017, 70, 601–612. [CrossRef] [PubMed]

52. Sørensen, A.; Hutter, J.; Seed, M.; Grant, P.E.; Gowland, P. T2* Weighted Placental MRI: Basic Research Tool or an Emerging
Clinical Test of Placental Dysfunction? Ultrasound Obstet. Gynecol. 2019, 55, 293–302. [CrossRef]

53. Chavhan, G.B.; Babyn, P.S.; Thomas, B.; Shroff, M.M.; Haacke, E.M. Principles, Techniques, and Applications of T2*-Based MR
Imaging and Its Special Applications. Radiographics 2009, 29, 1433–1449. [CrossRef] [PubMed]

54. Sinding, M.; Peters, D.A.; Frøkjær, J.B.; Christiansen, O.B.; Petersen, A.; Uldbjerg, N.; Sørensen, A. Prediction of Low Birth
Weight: Comparison of Placental T2* Estimated by MRI and Uterine Artery Pulsatility Index. Placenta 2017, 49, 48–54. [CrossRef]
[PubMed]

55. He, J.; Chen, Z.; Chen, C.; Liu, P. Differences in Placental Oxygenation and Perfusion Status between Fetal Growth-Restricted
and Small-for-Gestational-Age Pregnancies: A Functional Magnetic Resonance Imaging Study. Eur. Radiol. 2023, 33, 1729–1736.
[CrossRef] [PubMed]

56. Sinding, M.; Peters, D.A.; Frøkjær, J.B.; Christiansen, O.B.; Petersen, A.; Uldbjerg, N.; Sørensen, A. Placental Magnetic Resonance
Imaging T2* Measurements in Normal Pregnancies and in Those Complicated by Fetal Growth Restriction. Ultrasound Obstet.
Gynecol. 2016, 47, 748–754. [CrossRef]

57. Hansen, D.N.; Sinding, M.; Petersen, A.; Christiansen, O.B.; Uldbjerg, N.; Peters, D.A.; Frøkjær, J.B.; Sørensen, A. T2*-Weighted
Placental Magnetic Resonance Imaging: A Biomarker of Placental Dysfunction in Small-for-Gestational-Age Pregnancies. Am. J.
Obstet. Gynecol. MFM 2022, 4, 100578. [CrossRef]

58. Schabel, M.C.; Roberts, V.H.J.; Gibbins, K.J.; Rincon, M.; Gaffney, J.E.; Streblow, A.D.; Wright, A.M.; Lo, J.O.; Park, B.;
Kroenke, C.D.; et al. Quantitative Longitudinal T2* Mapping for Assessing Placental Function and Association with Adverse
Pregnancy Outcomes across Gestation. PLoS ONE 2022, 17, e0270360. [CrossRef]

59. Magawa, S.; Nii, M.; Enomoto, N.; Takakura, S.; Maki, S.; Tanaka, H.; Ishida, M.; Kondo, E.; Sakuma, H.; Ikeda, T. Evaluation of
Placental Oxygenation in Fetal Growth Restriction Using Blood Oxygen Level-Dependent Magnetic Resonance Imaging. Placenta
2022, 126, 40–45. [CrossRef]

60. Sinding, M.; Peters, D.A.; Poulsen, S.S.; Frøkjær, J.B.; Christiansen, O.B.; Petersen, A.; Uldbjerg, N.; Sørensen, A. Placental Baseline
Conditions Modulate the Hyperoxic BOLD-MRI Response. Placenta 2018, 61, 17–23. [CrossRef]

61. Collinot, H.; Marchiol, C.; Lagoutte, I.; Lager, F.; Siauve, N.; Autret, G.; Balvay, D.; Renault, G.; Salomon, L.J.; Vaiman, D.
Preeclampsia Induced by STOX1 Overexpression in Mice Induces Intrauterine Growth Restriction, Abnormal Ultrasonography
and BOLD MRI Signatures. J. Hypertens. 2018, 36, 1399–1406. [CrossRef]

62. Lo, J.O.; Roberts, V.H.J.; Schabel, M.C.; Wang, X.; Morgan, T.K.; Liu, Z.; Studholme, C.; Kroenke, C.D.; Frias, A.E. Novel Detection
of Placental Insufficiency by Magnetic Resonance Imaging in the Nonhuman Primate. Reprod. Sci. 2018, 25, 64–73. [CrossRef]
[PubMed]

63. Chalouhi, G.E.; Alison, M.; Deloison, B.; Thiam, R.; Autret, G.; Balvay, D.; Cuenod, C.A.; Clément, O.; Salomon, L.J.; Siauve, N.
Fetoplacental Oxygenation in an Intrauterine Growth Restriction Rat Model by Using Blood Oxygen Level-Dependent MR
Imaging at 4.7 T. Radiology 2013, 269, 122–129. [CrossRef] [PubMed]

64. Aimot-Macron, S.; Salomon, L.J.; Deloison, B.; Thiam, R.; Cuenod, C.A.; Clement, O.; Siauve, N. In Vivo MRI Assessment of
Placental and Foetal Oxygenation Changes in a Rat Model of Growth Restriction Using Blood Oxygen Level-Dependent (BOLD)
Magnetic Resonance Imaging. Eur. Radiol. 2013, 23, 1335–1342. [CrossRef]

65. Ginosar, Y.; Bromberg, Z.; Nachmanson, N.; Ariel, I.; Skarzinski, G.; Hagai, L.; Elchalal, U.; Shapiro, J.; Abramovitch, R. Chronic
Hypoxia in Pregnant Mice Impairs the Placental and Fetal Vascular Response to Acute Hypercapnia in BOLD-MRI Hemodynamic
Response Imaging. Placenta 2021, 110, 29–38. [CrossRef] [PubMed]

66. Attia, A.B.E.; Balasundaram, G.; Moothanchery, M.; Dinish, U.S.; Bi, R.; Ntziachristos, V.; Olivo, M. A Review of Clinical
Photoacoustic Imaging: Current and Future Trends. Photoacoustics 2019, 16, 100144. [CrossRef]

67. Lawrence, D.J.; Bayer, C.L. Photoacoustic Imaging Provides an in Vivo Assessment of the Preeclamptic Placenta Remodeling and
Function in Response to Therapy. Placenta 2022, 126, 46–53. [CrossRef]

68. Ho, A.E.P.; Hutter, J.; Jackson, L.H.; Seed, P.T.; McCabe, L.; Al-Adnani, M.; Marnerides, A.; George, S.; Story, L.; Hajnal, J.V.; et al.
T2* Placental Magnetic Resonance Imaging in Preterm Preeclampsia: An Observational Cohort Study. Hypertension 2020, 75,
1523–1531. [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/10.1016/j.ajog.2007.01.008
https://doi.org/10.1371/journal.pone.0067760
https://doi.org/10.1161/HYPERTENSIONAHA.117.09864
https://www.ncbi.nlm.nih.gov/pubmed/28739977
https://doi.org/10.1002/uog.20855
https://doi.org/10.1148/rg.295095034
https://www.ncbi.nlm.nih.gov/pubmed/19755604
https://doi.org/10.1016/j.placenta.2016.11.009
https://www.ncbi.nlm.nih.gov/pubmed/28012454
https://doi.org/10.1007/s00330-022-09185-5
https://www.ncbi.nlm.nih.gov/pubmed/36269372
https://doi.org/10.1002/uog.14917
https://doi.org/10.1016/j.ajogmf.2022.100578
https://doi.org/10.1371/journal.pone.0270360
https://doi.org/10.1016/j.placenta.2022.06.005
https://doi.org/10.1016/j.placenta.2017.11.002
https://doi.org/10.1097/HJH.0000000000001695
https://doi.org/10.1177/1933719117699704
https://www.ncbi.nlm.nih.gov/pubmed/28330415
https://doi.org/10.1148/radiol.13121742
https://www.ncbi.nlm.nih.gov/pubmed/23696681
https://doi.org/10.1007/s00330-012-2712-y
https://doi.org/10.1016/j.placenta.2021.05.006
https://www.ncbi.nlm.nih.gov/pubmed/34116499
https://doi.org/10.1016/j.pacs.2019.100144
https://doi.org/10.1016/j.placenta.2022.06.006
https://doi.org/10.1161/HYPERTENSIONAHA.120.14701

	Introduction 
	Molecular Biomarkers of Hypoxia 
	Hypoxia Inducible Factor (HIF)- 
	Human Studies 
	Animal Models 

	Carbonic Anhydrase IX (CAIX) 
	miR-210 
	Human Studies 
	Animal Studies 


	Imaging Biomarkers of Hypoxia 
	T2* MRI 
	Human Studies 
	Animal Studies 

	Photoacoustic Imaging (PAI) 

	Discussion: The Integration of Molecular and Imaging Biomarkers and Its Challenges 
	Conclusions 
	References

