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Artificial intelligence in the
diagnosis of uveal melanoma:
advances and applications

Albert K. Dadzie1, Sabrina P. Iddir2, Sanjay Ganesh2,
Behrouz Ebrahimi1, Mojtaba Rahimi1, Mansour Abtahi1,
Taeyoon Son1, Michael J. Heiferman2* and Xincheng Yao1,2*
1Department of Biomedical Engineering, University of Illinois Chicago, Chicago, IL, United States,
2Department of Ophthalmology and Visual Sciences, University of Illinois Chicago, Chicago, IL,
United States

Abstract

Advancements in machine learning and deep learning have the potential to

revolutionize the diagnosis of melanocytic choroidal tumors, including uveal

melanoma, a potentially life-threatening eye cancer. Traditional machine

learning methods rely heavily on manually selected image features, which

can limit diagnostic accuracy and lead to variability in results. In contrast,

deep learning models, particularly convolutional neural networks (CNNs), are

capable of automatically analyzing medical images, identifying complex

patterns, and enhancing diagnostic precision. This review evaluates recent

studies that apply machine learning and deep learning approaches to classify

uveal melanoma using imaging modalities such as fundus photography, optical

coherence tomography (OCT), and ultrasound. The review critically examines

each study’s research design,methodology, and reported performancemetrics,

discussing strengths as well as limitations. While fundus photography is the

predominant imaging modality being used in current research, integrating

multiple imaging techniques, such as OCT and ultrasound, may enhance

diagnostic accuracy by combining surface and structural information about

the tumor. Key limitations across studies include small dataset sizes, limited

external validation, and a reliance on single imaging modalities, all of which

restrict model generalizability in clinical settings. Metrics such as accuracy,

sensitivity, and area under the curve (AUC) indicate that deep learning

models have the potential to outperform traditional methods, supporting

their further development for integration into clinical workflows. Future

research should aim to address current limitations by developing

multimodal models that leverage larger, diverse datasets and rigorous

validation, thereby paving the way for more comprehensive, reliable

diagnostic tools in ocular oncology.

KEYWORDS
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Impact statement

Machine learning and deep learning are reshaping oncology

diagnostics, yet applications in uveal melanoma remain

underexplored, particularly in using multimodal imaging to

improve accuracy. This review highlights significant gaps in

current research, such as the over-reliance on single imaging

modalities and limited datasets, which restrict diagnostic

precision, generalizability, and clinical utility. By identifying

these limitations and proposing multimodal integration as a

viable solution, this work advances the understanding of how

diverse imaging data can be effectively leveraged for ocular tumor

detection. This new perspective provides a foundation for

developing robust, cross-validated models that could

transform diagnostic practices, enabling early and reliable

identification of uveal melanoma. The insights presented here

set a clear direction for future research to refine and implement

comprehensive, automated diagnostic tools in ocular oncology,

enhancing clinical decision-making and patient outcomes.

Introduction

Melanocytic choroidal tumors encompass a spectrum of

intraocular lesions that range from benign choroidal nevi to

malignant melanomas. While choroidal nevi are common and

typically asymptomatic, choroidal melanoma, though rare, are

associated with a significant risk of metastasis and poor outcomes

[1–5]. Early detection and accurate differentiation between these

lesions are critical for management decisions and improving

patient outcomes [6].

The diagnosis of melanocytic choroidal tumors is based on

clinical examination and imaging techniques such as fundus

photography, optical coherence tomography (OCT), and

ultrasonography. Ophthalmologists assess features such as

tumor size, thickness, and the presence of risk factors like

subretinal fluid, orange pigment, and drusen to estimate the

likelihood of malignancy [7, 8]. However, these diagnostic

techniques are subject to inter-observer variability, and their

sensitivity in detecting small melanomas, which can closely

resemble benign nevi, is limited. In some cases, intraocular

biopsies may be necessary to confirm the diagnosis, but these

procedures carry some risks. This creates an unmet need for

more objective, reproducible, and accurate diagnostic tools.

In recent years, artificial intelligence has emerged as a

transformative technology in medical imaging. Machine learning,

a subset of artificial intelligence, has shown great potential in

automating diagnostic tasks that previously required expert

interpretation. Deep learning, a further subset of machine

learning, utilizes neural networks that can automatically learn

and extract features from large datasets without the need for

manual feature engineering. Convolutional neural networks

(CNNs), in particular, have demonstrated impressive performance

in image classification tasks across various medical fields,

including ophthalmology [9–12].

This review aims to provide an overview of the current

applications of artificial intelligence in the diagnosis of

melanocytic choroidal tumors. It will discuss recent

developments in artificial intelligence-based diagnostic models,

the integration of multimodal imaging techniques, and the

potential of these technologies to improve diagnostic accuracy

and patient management. Furthermore, the review will address

the limitations and challenges faced by machine learning

applications in this field, as well as future directions for

research and clinical translation.

Overview of melanocytic
choroidal tumors

Melanocytic choroidal tumors represent a spectrum of similar

appearing lesions located in the choroid, a vascular layer beneath

the retina. These tumors can be broadly classified into benign

choroidal nevi and malignant melanoma. The accurate

differentiation between these two forms is crucial, as their

management and prognosis differ dramatically.

Choroidal nevi

Choroidal nevi (Figures 1A1–3) are benign lesions that are

more commonly found in the White population compared to

other ethnic groups [13–15]. These nevi are typically

asymptomatic and remain stable over time, often being

discovered incidentally during routine eye exams [16].

However, while most nevi remain benign, a small percentage

can undergo malignant transformation into melanoma [17]. The

risk factors that suggest potential malignancy include greater

lesion thickness, subretinal fluid, orange pigment, and the

absence of overlying drusen [17–19].

Choroidal melanoma

Choroidal melanoma, the most common primary intraocular

malignancy in adults, is a rare but aggressive disease with high

metastatic potential (Figures 1B1–3) [20–22]. Approximately

50% of patients diagnosed with choroidal melanoma develop

metastatic disease, with a high mortality rate once metastasis

occurs [23, 24].

Choroidal melanomas are generally larger and thicker than

nevi, and they often exhibit clinical features such as orange

pigment, subretinal fluid, and low internal echogenicity.

Advanced melanomas may also show a “mushroom” shape

due to the tumor breaking through Bruch’s membrane [25].

Traditional diagnostic methods rely on clinical examinations,
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imaging modalities, and tools like the MOLES algorithm [2] to

identify these features, but distinguishing between benign and

malignant lesions, especially in cases with overlapping features of

nevi and melanoma, can be challenging [26]. However, patients

referred to specialist ocular oncology centers may benefit from

higher diagnostic accuracy due to the expertise and advanced

diagnostic resources available. Figure 1 shows how visually

similar benign and malignant lesions can be.

The need for improved diagnostic tools

One clinical challenge lies in identifying small choroidal

melanomas that may closely resemble benign nevi in terms of

clinical and imaging features. Misclassification can lead to either

overtreatment or delayed treatment. Overtreatment exposes

patients to unnecessary procedures such as radiation therapy,

which carries risks of vision loss and other complications, while

delayed treatment increases the risk of metastasis [27–29]. In

some cases, intraocular biopsies may be necessary to confirm the

diagnosis; however, these procedures carry risks such as

hemorrhage, retinal detachment, and endophthalmitis [30, 31].

Given the clinical and imaging challenges, there is a critical

need for more objective and precise diagnostic tools. This is

where machine learning offers great promise. These advanced

algorithms can process large datasets of imaging data to detect

subtle features that may not be easily discernible by human

experts, potentially revolutionizing the accuracy and efficiency of

diagnosing melanocytic choroidal tumors.

Overview of artificial intelligence

Artificial intelligence refers to the ability of machines to mimic

human intelligence, enabling them to perform tasks such as learning,

problem-solving, and decision-making. Machine learning is a subset

of artificial intelligence that enables computers to learn from data

and make predictions or decisions without being explicitly

programmed for every possible scenario. Machine learning

algorithms build models based on patterns identified in training

data, which can then be applied to new, unseen data for predictions.

The key advantage of machine learning lies in its ability to adapt and

improve over time as it processes more data, making it highly

valuable for complex tasks like medical diagnosis. Over time,

machine learning has evolved to include deep learning, a subfield

of machine learning that leverages neural networks to model

intricate relationships in data, particularly in fields like computer

vision and natural language processing. Figure 2 illustrates the

hierarchical relationship between artificial intelligence, machine

learning, and deep learning. It highlights the key differences in

processing workflows, showing that machine learning involves a

manual feature extraction step, whereas deep learning integrates

both feature extraction and classification within a single,

automated framework.

FIGURE 1
Images showing choroidal nevi and choroidal melanoma. (A1–A3) Choroidal nevi. (B1–B3) Choroidal melanoma.

Experimental Biology and Medicine
Published by Frontiers

Society for Experimental Biology and Medicine03

Dadzie et al. 10.3389/ebm.2025.10444

5

https://doi.org/10.3389/ebm.2025.10444


Machine learning

Machine learning models can generally be classified into four

primary categories: supervised learning, unsupervised learning,

semi-supervised, and reinforcement learning. Supervised

learning, the most common type, involves training models on

labeled datasets, where each data point is associated with the

correct output. Algorithms like support vector machines

(SVMs), random forest, and K-nearest neighbors (KNNs) are

widely used in supervised learning to perform tasks such as

classification and regression. In contrast, unsupervised learning

deals with unlabeled data, and the goal is to uncover hidden

patterns within the data. Techniques like K-means clustering,

and principal component analysis (PCA) are examples of

unsupervised learning, which are useful for tasks like clustering

and dimensionality reduction. Semi-supervised learning is a mix of

supervised and unsupervised learning. It uses a small amount of

labeled data along with a large amount of unlabeled data. This

method is helpful when labeling data is difficult or expensive, like in

healthcare. Finally, reinforcement learning is a method where a

model learns by trial and error. It interacts with an environment,

gets feedback through rewards or penalties, and uses this feedback

to improve its actions over time. While these traditional machine

learning approaches have shown significant success [32–35], they

require manual feature extraction, as shown in Figure 2. This is

where deep learning distinguishes itself.

Deep learning

Deep learning uses artificial neural networks with multiple

layers to automatically extract and learn high-level features

directly from raw data, such as images or signals, without

requiring human intervention in the feature selection process

(Figure 2). This makes deep learning particularly well-suited for

tasks involving image recognition, speech processing, and natural

language understanding. In the medical field, deep learning has

revolutionized diagnostic applications by providing outstanding

accuracy in analyzing medical images, such as MRI scans [36,

37], X-rays [38, 39], and retinal images [9, 40].

Deep learning networks, such as CNNs and recurrent neural

networks (RNNs), have specific strengths tailored to different types

of data. CNNs, for instance, are optimized for image data, employing

layers that can automatically detect features such as edges, textures,

and shapes in medical images. CNNs are extensively used in tasks

like identifying tumors in medical scans [41–43] or detecting retinal

abnormalities in ophthalmology [44–46]. On the other hand, RNNs

excel at processing sequential data, making them useful for time-

series data, such as monitoring disease progression or analyzing

electrocardiogram (ECG) signals [47, 48].

Transfer Learning is an essential technique in deep learning that

allowsmodels to leverage knowledge gained fromone task and apply

it to a different but related task. This is particularly useful in medical

imaging because large, labeled datasets are often difficult to obtain. A

model pre-trained on a large dataset, such as ImageNet [49], learns

general image features like edges and shapes. This pre-trainedmodel

can then be adapted to a new task, such as detecting tumors in retinal

images, by fine-tuning its layers with a smaller dataset specific to the

medical application. Transfer learning greatly reduces the amount of

labeled data and training time needed while improving model

performance in fields like ophthalmology, where data scarcity is

a common challenge.

Evaluation metrics

To assess the performance of both machine learning and

deep learning models, several evaluation metrics are commonly

FIGURE 2
Relationship and differences between machine learning and deep learning.
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used in medical diagnostics. These metrics include accuracy,

sensitivity, specificity, F-1 score, and area under the curve (AUC).

Explanations of these metrics are given below.

Accuracy: Accuracy measures the proportion of correctly

predicted instances (both positive and negative) out of the total

instances. It provides an overall measure of how often the model

is correct.

Accuracy � TP + TN

TP + TN + FP + FN

Where TP = True Positives, TN = True Negatives, FP = False

Positives, FN = False Negatives.

Sensitivity (Recall or True Positive Rate): Sensitivity

measures the model’s ability to correctly identify positive cases

(correctly diagnosing a condition when it is present). It indicates

how well the model captures actual positives in the dataset.

Sensitivity � TP

TP + FN

Specificity (True Negative Rate): Specificity measures the

model’s ability to correctly identify negative cases (correctly

identifying when a condition is not present). Specificity

focuses on correctly classifying the negatives and avoiding

false positives.

Specificity � TN

TN + FP

Precision: Precision, also known as Positive Predictive Value,

measures the proportion of true positive predictions out of all

positive predictions made by the model. It’s important when the

cost of false positives is high.

Precision � TP

TP + FP

F-1 Score: The F-1 score is the harmonic mean of precision

and sensitivity. It balances both false positives and false negatives

and is particularly useful for imbalanced datasets.

F − 1 Score � 2 ×
Precision × Sensitivity

Precision + Sensitivity

AUC: AUC is derived from the receiver operating

characteristic (ROC) curve, which plots sensitivity against 1 -

specificity. AUC gives an aggregate measure of model

performance across all classification thresholds. A higher AUC

indicates a better-performing model, with an AUC of

1.0 representing perfect classification.

Applications of artificial intelligence
in choroidal tumor diagnosis

Machine learning and deep learning have recently been

studied in the diagnosis of melanocytic choroidal tumors,

particularly in differentiating between choroidal nevi and

melanomas. These techniques have been applied to clinical

datasets [50], pathologic specimens [51], and various imaging

modalities, including fundus photography [52–56], OCT [50],

and ultrasound imaging [57, 58], to enhance the accuracy and

efficiency of diagnosing these tumors. Below, we discuss the use

of both machine learning and deep learning models in the

context of choroidal tumor diagnosis using ophthalmic imaging.

Machine learning

Machine learning models have been applied to manually

extracted features from a variety of imaging modalities for the

diagnosis of melanocytic choroidal tumors. Machine learning

models typically rely on the manual extraction of key features,

such as tumor thickness, subretinal fluid, orange pigment, the

presence of drusen, ultrasonographic hollowness, and

morphology of the tumor. These features are recognized as

important risk factors for the potential malignant

transformation of choroidal nevi into melanoma [18].

For example, Zabor et al. utilized logistic regression models

to predict the malignancy of choroidal nevi based on features

manually extracted from fundus photographs, OCT, and

ultrasound [50]. Their model, which was developed using

123 patients and externally validated on a separate cohort of

240 patients, achieved an AUC of 0.861 in predicting small

choroidal melanomas. From their study, their model identified

tumor thickness, subretinal fluid, and orange pigmentation as

significant risk factors associated with increased odds of

malignancy. While these findings align with prior research

emphasizing the importance of these features in distinguishing

benign nevi from malignant melanomas [17, 19, 59], the

performance of machine learning models is inherently limited

by the quality and selection of features. The inclusion of external

validation in this study is a notable strength, ensuring that the

model can generalize to different clinical settings. Additionally,

the authors created an online prediction tool to facilitate the real-

world application of their machine learning model in

clinical practice.

In another study, Jegelevicius et al. employed a decision tree

model using features extracted from ultrasound imaging for the

differential diagnosis of intraocular tumors [58]. Their results

indicated that features such as tumor thickness, base width, and

tumor shape were considered important for tumor classification.

The decision tree model achieved a diagnostic error rate of 6.7%,

demonstrating its potential as a decision-support tool for

clinicians. However, as with other machine learning

approaches, the reliance on manually extracted features and

the inherent limitation of focusing only on predefined criteria

restricts its scalability and generalizability.

One of the primary limitations of traditional machine

learning in this context is its dependence on human-driven
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feature extraction. While features like tumor size or subretinal

fluid are easily identifiable and quantifiable, these models struggle

to detect more complex patterns that may be key to

differentiating between benign and malignant lesions. As a

result, machine learning models can be less effective for

tumor diagnosis compared to deep learning models, which

can automatically learn and extract intricate hierarchical

features from raw imaging data.

Deep learning

Deep learning has made substantial progress in diagnosing

choroidal tumors, primarily through the use of CNNs. The power

of CNNs lies in their ability to automatically learn features from

raw images without the need for manual feature extraction,

making them ideal for analyzing medical images, particularly

in diagnosing ocular conditions such as uveal melanoma.

Shakeri et al. demonstrated the efficacy of CNNs in the

detection of uveal melanoma using fundus images [60]. They

employed pre-trained models like DenseNet121, DenseNet169,

Inception-V3, and Xception, using transfer learning to fine-tune

the models on the fundus images. Their best-performing model,

DenseNet169, achieved an accuracy of 89%.

Similarly, Ganguly et al. achieved similar results using a

custom CNN model trained on fundus images. Their model

achieved an accuracy of 92%, an F1-score of 0.93, and a precision

of 0.97 [54]. However, the relatively small dataset of 170 images

used in the study presents concerns about overfitting, where the

model may perform well on training data but struggle to

generalize to new, unseen data.

Additionally, Hoffmann et al. utilized ResNet50 to

distinguish choroidal melanoma from choroidal nevi using

fundus images [55]. They reported an accuracy of 90.9% and

F1 score of 0.91, and an AUC of 0.99, showcasing the high

potential of deep learning models in automating tumor

differentiation tasks. Furthermore, they showed that deep

learning models can be used to estimate the likelihood of

malignancy in melanocytic choroidal tumors.

In another study, Dadzie et al. focused on enhancing deep

learning performance through color fusion strategies [56]. By

employing the DenseNet121 architecture on ultra-widefield

retinal images, they examined how combining color channels

(red, green, and blue) affect tumor classification accuracy. Their

results showed that the intermediate fusion provided the best

classification accuracy, outperforming early and late fusion

strategies with an accuracy of 92.2%, an F1 score of 0.88, and

an AUC of 0.98. This study highlighted the importance of

leveraging different color channels in fundus images to

maximize the potential of deep learning models in tumor

classification. The integration of multiple color channels

enables these models to exploit more detailed color and

texture information, further refining their classification

capabilities. While color fusion is a novel approach, the study

did not address the computational cost of using different fusion

strategies which is an important consideration for clinical

deployment.

In a recent study by Sabazade et al, they tackled a critical

challenge in deep learning for choroidal melanoma diagnosis by

ensuring model generalizability through a multicenter approach

[52]. They used a custom U-Net architecture that achieved an

average F1- score of 0.77 and an average AUC of 0.89 for the test

dataset. On external validation dataset, the model achieved an

F1-score of 0.71 and an AUC of 0.88. Notably, accuracy was not

reported in this study. By incorporating datasets from various

centers and imaging devices, they reduced the risk of bias often

seen in single-center studies and improved the model’s

robustness. The inclusion of external validation was a crucial

step toward real-world applicability, as it demonstrated the

model’s ability to generalize beyond the original training

dataset. However, despite addressing generalizability, the study

relied on relatively smaller datasets, which can still pose a risk of

overfitting.

Addressing the issue of small datasets, another recent study

by Jackson et. al employed over 25,000 ultra-widefield retinal

images for deep learning classification of choroidal melanoma

and nevus [53]. Using a transfer learning approach, they

employed the RETFound, a foundation self-supervised deep

learning model [61]. Their model achieved an accuracy of

83%, an F1 score of 0.84, and an AUC of 0.90. While the

study demonstrates a promising solution to data scarcity, the

lack of external validation limits its immediate clinical

applicability, as model performance across different populations

and imaging devices remains uncertain.

The studies reported above collectively demonstrate the

powerful role that deep learning models play in the detection

and classification of choroidal melanoma using fundus images.

However, several limitations remain across the studies, such

as the use of small datasets, the lack of external validation, and

the reliance on a single imaging modality. However, recent

studies have made progress in addressing these issues [52, 53],

but further research is needed to explore the integration of

multimodal imaging, which could offer a more comprehensive

diagnostic approach. Table 1 offers a detailed comparison of

the methodologies and results across these studies, providing a

clear overview of how different architectures and approaches

enhance tumor differentiation. The models presented in

Table 1 represent the best-performing models reported in

each study.

While fundus photography has been extensively used in deep

learning applications for classifying melanocytic choroidal

tumors, other imaging modalities, such as OCT and

ultrasound, have not been widely employed for this purpose.

This gap presents an opportunity for future research to explore

the application of deep learning to these imaging modalities,

which could enhance early detection and diagnosis of uveal
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melanoma by integrating structural information from OCT and

ultrasound with surface-level data from fundus photography.

Challenges and limitations

The application of artificial intelligence in diagnosing

choroidal melanoma has shown considerable promise,

demonstrating the potential for enhanced diagnostic accuracy

and efficiency. However, translating these advancements from

research settings into routine clinical practice is accompanied by

significant challenges and limitations. As machine learning and

deep learning models evolve, understanding and addressing the

obstacles that limit their clinical integration becomes critical,

particularly for supporting downstream diagnosis and aiding

non-specialists. These challenges encompass a range of issues,

from the quality and availability of data to the interpretability of

model outputs and the adaptability of machine learning systems

within clinical workflows.

Effective implementation of artificial intelligence tools in

healthcare requires not only technological advancements but

also a nuanced understanding of clinical requirements and

patient variability. Machine learning and deep learning models

must be rigorously validated, reliable across diverse patient

populations and imaging techniques, and transparent in their

decision-making processes. Given the known differences in the

incidence of choroidal nevi and choroidal melanoma across racial

and ethnic groups, datasets used to train these models are often

disproportionately composed of images from populations with

higher disease prevalence, primarily White individuals. This

imbalance can introduce bias, potentially limiting the model’s

applicability to underrepresented populations. Addressing these

aspects is essential to achieving widespread clinical adoption and

ensuring that artificial intelligence technologies fulfill their

potential to improve patient outcomes. The following sections

outline key challenges and limitations, providing insights into

areas that require further research and refinement to support the

successful deployment of machine learning in ocular oncology.

Table 2 summarizes the main challenges and limitations in

applying machine learning to uveal melanoma diagnosis,

along with potential solutions to address each issue.

Data availability and quality

One of the most significant challenges in developing effective

machine learning and deep learning models for the diagnosis of

melanocytic choroidal tumors is the availability and quality of

data. Uveal melanoma is a rare condition, making it difficult to

acquire large, diverse datasets that are essential for training

robust machine learning models. The rarity of the condition

results in relatively small datasets, which can lead to overfitting in

models. This issue is especially problematic in deep learning,

where large-scale datasets are crucial for capturing complex

patterns in medical images and achieving high performance.

A recent study by Jackson et al. has begun addressing this issue by

utilizing large datasets with over 25,000 images [53].

Another issue related to data limitations is the lack of

diversity in the available datasets. Often times, datasets are

collected from a single institution or geographic region,

limiting the model’s exposure to different patient

demographics, imaging conditions, and equipment variations.

A model trained on data from a specific population may not

perform well when applied to a different demographic, leading to

bias in predictions and unequal outcomes across patient

populations. Potential solutions to these limitations include

TABLE 1 Comparison between studies that used deep learning for the classification of Choroidal Nevus and Melanoma.

Study Model
used

Imaging
modality

Number of Images Performance metrics

Control Melanoma Nevus Accuracy Sensitivity Specificity Precision F1-
Score

AUC

Ganguly
et al. [54]

Custom
model

Standard
images

NA 110 60 0.92 0.90 0.95 0.97 0.93 NA

Hoffman
et al. [55]

ResNet50 UWF and
standard
images

NA 422 340 0.91 0.90 0.91 0.91 0.91 0.99

Dadzie
et al. [56]

DenseNet121 UWF images 360 157 281 0.92 0.81 0.98 0.96 0.88 0.95

Sabazade
et al. [52]

Custom
model

UWF and
standard
images

NA 219 583 NA 1.00 0.74 NA 0.77 0.89

Jackson
et al. [53]

RETFound UWF images 1,192 18,510 8,671 0.83 0.79 0.87 0.89 0.84 0.90

UWF, Ultra-widefield; NA, not available.
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data-sharing collaborations between institutions and leveraging

images being collected for the increasing number of prospective

multi-center clinical trials being conducted for uveal melanoma.

Another promising avenue for addressing the issue of data

scarcity is the use of synthetic data. Generative adversarial

networks (GANs) and diffusion models have emerged as tools

for generating synthetic medical images that mimic real-world

data [62–65]. These synthetic datasets can be used to augment

existing data, allowing deep learning models to train on larger

and more diverse datasets. However, synthetic data may raise

concerns about trust, as models trained on artificially generated

images could be perceived as less reliable for real-world clinical

applications. Therefore, proper validation on real-world data is

essential to build clinician and patient confidence in

these models.

Ground truth labeling and standardization

Another challenge regarding the dataset involves ground

truth labeling. There are no universally accepted criteria for

the definition of choroidal nevi and melanoma, which is why

some cases are called indeterminate until the tumor is observed

to be stable in size, grow during the observation period, or

occasionally biopsied. Most often, the diagnosis of choroidal

melanoma is clinical, but more careful definitions should be

chosen for the indeterminate cases. Choroidal nevi versus

melanomas can be defined by its clinical appearance, its

pathological appearance (when tissue is available), or its

metastatic potential and disease-specific mortality when long-

term follow-up is available. The labels for ground truths in

machine learning and deep learning studies should be chosen

carefully to reflect the dataset available for that study. Alternative

labels may include the tumor size, clinical characteristics, genetic

profile, tumor growth rate over time, or the management

decision chosen by the clinician. The type of machine learning

project and clinical goal of the study should determine the

ground truth labels being chosen, and care should be taken to

prevent conclusions about an artificial intelligence model that

exceeds the scope of the available data. Potential solutions to this

challenge include expert committees to standardize the

definitions and labels being used for machine learning studies

in ocular oncology. Additionally, the MOLES scoring system,

which is widely used in clinical practice for risk stratification of

choroidal nevi, could serve as a standardized framework for

developing ground truth labels in artificial intelligence studies.

Labels agnostic of management decisions, such as calling the

same lesion indeterminate when it would be observed versus a

TABLE 2 Challenges and potential solutions for integrating machine learning in uveal melanoma diagnosis.

Challenge Description Implication Potential solutions

Data Availability Uveal melanoma is rare, making it difficult to
acquire large datasets for training robust models

Limited dataset size restricts model accuracy,
leads to overfitting, and reduces model
generalizability

Data-sharing collaborations; multimodal
image training to optimize models using
available data; synthetic data generation

Dataset Diversity Many datasets are from single institutions or
regions, limiting diversity in patient
demographics and imaging conditions

Models trained on specific populations may not
perform well across different demographics,
leading to bias in predictions

Multicenter collaborations; access to data from
clinical trials; external validation to ensure
generalizability

Ground Truth
Labeling

While standardized systems like MOLES and
histopathological analysis exist, their adoption
varies globally, posing challenges for consistent
ground truth labeling

Lack of standardization in labeling can affect
model accuracy and interpretability. Model
design may not align with the intended
clinical use

Broader adoption of standardized systems and
expert consensus on defining ground truths
can improve consistency in labeling across
studies. Additionally, intraocular biopsy
results, when available, can provide more
definitive labels

Model
Interpretability

Deep learning models often have opaque
decision-making processes, making it difficult to
understand exactly which features drive
predictions. While techniques like CAMs,
including Grad-CAM highlight regions used by
the model, they do not reveal the specific features
influencing the decision

Lack of transparency limits clinician trust and
makes clinical integration difficult

Techniques such as CAMs and SHAP provide
visual and feature-level explanations. Further
improvement of these methods can enhance
model transparency, build clinician trust, and
support clinical integration

Clinical
Integration

Machine learning tools often function as stand-
alone systems, lacking integration with EHRs and
imaging platforms

Increase workload for healthcare providers, as
they may need to navigate multiple platforms to
incorporate machine learning insights with
traditional methods

Development of interoperable systems that
integrate directly with EHRs and imaging
systems for seamless workflow

Ethical
Considerations

Use of machine learning algorithms for life-
altering decisions like diagnosis and treatment
raises ethical concerns

High-stakes medical decisions by machine
learning must meet rigorous standards, as errors
can seriously impact patient health

Rigorous validation of machine learning
outputs with clinical ground truths and use as a
decision support tool rather than for sole
decision-making

GAN, generative adversarial network; CAM, class activation mapping; Grad-CAM, Gradient-weighted Class Activation Mapping; SHAP, Shapely Additive exPlanations; EHR, electronic

health records.
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small melanoma when it would be treated, can also improve the

generalizability of the study when opinions on

management differ.

Model interpretability

Another significant challenge in the adoption of machine

learning and deep learning models in the diagnosis of

melanocytic choroidal tumors is the lack of interpretability.

While deep learning models have shown exceptional

performance in classifying uveal melanoma and other ocular

conditions, their decision-making process remains largely

opaque. This is often referred to as the black box nature of

deep learning. This lack of transparency often makes these

models difficult to trust and integrate into clinical practice, as

clinicians typically need to understand the reasoning behind a

model’s prediction to confidently use it for patient care.

To address the black-box issue in deep learning, researchers

have developed several techniques to enhance the interpretability

of these models in medical imaging. These methods provide

insights into how the model makes predictions and identifies

which parts of the image are most influential in the decision-

making process. A commonly used method is Gradient-weighted

Class Activation Mapping (Grad-CAM), which generates

heatmaps overlaid on the original image to show which

regions contributed the most to the model’s classification [66].

Grad-CAM works by leveraging the gradients of a target class

flowing into the final convolutional layer of a neural network,

which produces a localization map highlighting the important

regions in the image [66]. Clinicians can cross-reference the

model’s focus areas with their own knowledge of disease markers,

ensuring that the model is not relying on irrelevant features.

Another advantage of improved interpretability is the potential

for clinicians to learn new insights into image evaluation. Experts

can potentially learn new clinical or imaging features from

machine learning models, to improve our understanding of

how best to interpret imaging to diagnose melanocytic

tumors. Figure 3 illustrates an example of Grad-CAM

heatmap overlaid on different color channels of ultra-widefield

retinal images to show regions considered most relevant for

classification of choroidal nevus and melanoma. Figure 4 also

shows the areas in ultrasound images that are considered crucial

for deep learning models to make a classification decision.

Integration into clinical workflow

Another key challenge in the adoption of deep learning and

machine learning models for the diagnosis of melanocytic

FIGURE 3
Grad-CAM showing regions relevant for classification. (A1–A4) Control, (B1–B4) Choroidal melanoma, (C1–C4) Choroidal nevus. Column 1
represents the original images, column 2 represents the red channels, column 3 represents the green channels and column 4 represents the blue
channels. Adapted from [67].
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choroidal is their integration into existing clinical workflows.

While these models have demonstrated impressive accuracy in

research settings, translating them into real-world clinical

practice remains difficult. Many machine learning tools

function as stand-alone systems that do not seamlessly

integrate with existing electronic health records (EHRs) or

imaging systems, causing potential disruptions in established

processes. This lack of interoperability can increase the workload

for healthcare providers, who may need to navigate between

multiple platforms to interpret machine learning results

alongside traditional diagnostic methods. However, tools like

the online calculator developed by Zabor et al. demonstrate how

these models could be applied in practice [50]. Although the

current version requires manual input, future versions could be

integrated directly into clinical workflows, automatically

extracting data from existing databases and providing

instant results.

Ethical considerations

Another challenge in the clinical application of artificial

intelligence in the diagnosis of uveal melanoma is the degree

to which physicians will rely on machine learning algorithms. In

cases of indeterminate choroidal tumors, diagnosis using

histopathologic examination has been reported to be upwards

of 90% accuracy [68, 69]. This level of accuracy will likely be

surpassed by machine learning algorithms using multimodal

data, depending on the quality of labels and choice of ground

truth for the diagnosis of uveal melanoma. However, the ethical

implications of using a computer algorithm to make vision and

life-threatening decisions raise the standard for the required

accuracy and quality of validation for this clinical use. In the

near term, machine learning and deep learning algorithms may

be used as clinical tools, such as for screening and triaging by

optometrists and comprehensive ophthalmologists, or aid in

management decisions along with clinical data, imaging,

genetics, and biopsy results when deemed necessary. These

tools are likely to be more beneficial in non-specialist

community centers, where diagnostic accuracy may be lower,

rather than in specialist ocular oncology centers, where

experienced clinicians already achieve high diagnostic

accuracy. The latter use as a tool for ocular oncologists will

become more useful as long-term follow-up data is available to

validate algorithm outputs prospectively with clinically

meaningful ground truths, including tumor growth rate,

histopathologic findings, metastatic risk, and disease-

specific mortality.

Discussion

The application of artificial intelligence to diagnose

melanocytic choroidal tumors represents a promising

advancement in ocular oncology. Machine learning methods

rely on manual examination of imaging features, which

introduces variability and often limits diagnostic accuracy.

Deep learning models, especially CNNs, address some of these

limitations by automating feature extraction and analysis,

improving diagnostic reliability and potentially enhancing

patient outcomes.

Studies have predominantly utilized fundus photography as

the primary imaging modality for developing and validating

machine learning models. Pre-trained CNN architectures and

FIGURE 4
Grad-CAM showing regions relevant for classification. Row 1 shows original images and Row 2 shows the Grad-CAM heatmaps overlaid on the
original images. (A1–A2) Ultrasound image of choroidal melanoma. (B1–B2) Ultrasound image of choroidal nevus. (C1–C2) Ultra-widefield retinal
image of choroidal melanoma. (D1–D2) Ultra-widefield retinal image of choroidal nevus. Modified with permission from [57].

Experimental Biology and Medicine
Published by Frontiers

Society for Experimental Biology and Medicine10

Dadzie et al. 10.3389/ebm.2025.10444

12

https://doi.org/10.3389/ebm.2025.10444


custom-built CNNs have already achieved accuracy metrics

surpassing 90%, demonstrating the effectiveness of these

models in capturing key image features. Despite these

promising findings, models trained exclusively on fundus

photography have inherent limitations. Fundus images

provide a surface-level view, which may not capture critical

information such as tumor depth and structural details. In

contrast, OCT and ultrasound are capable of capturing

deeper, three-dimensional characteristics of tumors, offering a

more comprehensive understanding of tumor morphology.

By combining these different modalities, deep learning

models can access a richer and more diverse set of features,

enabling more accurate diagnosis and improving the ability to

detect subtle signs of malignancy. Multimodal imaging has

shown considerable success in ophthalmology, particularly in

the diagnosis and management of conditions like diabetic

retinopathy [70, 71], age-related macular degeneration (AMD)

[72, 73], and glaucoma [74, 75]. However, despite the

demonstrated success of multimodal imaging in diagnosing

retinal diseases, its application to choroidal tumors has been

limited. The use of multi-modal imaging for choroidal tumors

has the potential to significantly enhance diagnostic accuracy by

merging surface-level information from fundus photography

with cross-sectional structural details provided by OCT and

internal characteristics captured through ultrasound. Each

modality offers unique advantages: fundus photography

captures surface features like lesion color and margins, OCT

provides detailed tumor thickness and subretinal fluid

information, and ultrasound allows for the assessment of

thicker tumor depth and internal echogenicity.

Such multimodal approaches hold wide-ranging clinical

applications, including screening, referral triaging, risk

assessment, detailed tumor characterization for clinical trials,

surveillance, planning of radiation therapy, and monitoring for

local recurrence after treatment. Multimodal imaging thus

represents a promising frontier for research and innovation in

ocular oncology, supporting the continued refinement of

machine learning and deep learning tools in diagnosing and

managing uveal melanoma.

Moreover, issues related to data availability and quality

remain a major hurdle. Uveal melanoma is a rare condition,

and the lack of large, diverse datasets increases the risk of model

overfitting and reduces generalizability. Recent efforts to mitigate

these issues include multicenter collaborations and external

validation, which have demonstrated improved model

robustness across different populations and imaging

conditions [52]. Another significant challenge lies in clinical

integration. While machine learning and deep learning models

have achieved impressive results in research environments, real-

world deployment requires seamless integration with electronic

health records and imaging systems. This integration is

crucial for reducing the workload on clinicians and ensuring

that artificial-intelligence-generated insights can be readily

incorporated into routine clinical workflows. Tools such as

online prediction calculators have shown promise in this

regard, but further work is needed to automate data input and

output processes [50].

Conclusion

Artificial intelligence has the potential to improve the

diagnostic approach to melanocytic choroidal tumors, offering

significant improvements in accuracy and efficiency. However,

challenges related to data availability, ground truth labeling,

model interpretability, and clinical integration must be

addressed to fully realize the potential of these tools in

everyday clinical practice. Future directions such as the use of

collaborative networks of institutions, multimodal imaging

integration, and improved interpretability methods are key to

overcoming current limitations. As these technologies continue

to evolve, they are expected to play an increasingly important

role in uveal melanoma diagnosis and treatment, leading to

earlier detection, more accurate diagnoses, and ultimately

better patient outcomes. Possible clinical applications

encompass screening, referral triage, diagnosis, risk

assessment, tumor localization and morphological analysis for

clinical trials, active surveillance, radiation planning, and

monitoring for post-treatment recurrence. Several critical

areas require further exploration and development to fully

realize the potential of these technologies. With continued

refinement and targeted solutions to current limitations,

machine learning and deep learning diagnostic tools could

become integral to ophthalmic practice, empowering clinicians to

make more accurate and informed decisions.
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Abstract

Pharmacovigilance is essential for protecting patient health by monitoring and

managing medication-related risks. Traditional methods like spontaneous

reporting systems and clinical trials are valuable for identifying adverse drug

events, but face delays in data access. Social media platforms, with their real-

time data, offer a novel avenue for pharmacovigilance by providing a wealth of

user-generated content on medication usage, adverse drug events, and public

sentiment. However, the unstructured nature of social media content presents

challenges in data analysis, including variability and potential biases. Advanced

techniques like natural language processing and machine learning are

increasingly being employed to extract meaningful information from social

media data, aiding in early adverse drug event detection and real-time

medication safety monitoring. Ensuring data reliability and addressing ethical

considerations are crucial in this context. This review examines the existing

literature on the use of social media data for drug safety analysis, highlighting

the platforms involved, methodologies applied, and research questions

explored. It also discusses the challenges, limitations, and future directions

of this emerging field, emphasizing the need for ethical principles, transparency,

and interdisciplinary collaboration to maximize the potential of social media in

enhancing pharmacovigilance efforts.

KEYWORDS

drug safety, artificial intelligence, machine learning, natural language processing,
social media, post-market surveillance

Impact statement

Pharmacovigilance explores the transformative potential of social media in enhancing

drug safety monitoring. Traditional methods, while foundational, are limited by delayed

data collection and analysis, creating gaps in timely adverse drug event detection. This

review advances the field by examining the latest methodologies, including natural

language processing and machine learning that enable the extraction of meaningful

information from unstructured social media data. These advanced techniques provide
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tools to overcome challenges such as data variability and bias,

making social media a viable complement to established

pharmacovigilance practices. The insight from this review

impacts the field by demonstrating how social media can fill

critical gaps in real-time adverse drug event detection and

provide a broader understanding of public sentiment and

patient experiences. By emphasizing the need for

interdisciplinary collaboration, ethical principles, and

transparency, this review lays the foundation for a more agile,

inclusive, and effective pharmacovigilance system, ultimately

enhancing public health outcomes.

Introduction

Pharmacovigilance is an essential component of healthcare,

focused on safeguarding patients by vigilantly monitoring and

managing the risks associated with medications. Traditional

pharmacovigilance methods, such as spontaneous reporting

systems and clinical trial data analysis, have played pivotal

roles in detecting and preventing adverse drug events.

However, these methods have limitations, including delayed

access to critical information due to the lag between data

collection and availability. This lag impedes the timely

monitoring of medication safety, thereby posing challenges to

real-time surveillance.

The advent of social media has introduced a new paradigm in

pharmacovigilance, providing a platform for individuals to share

their experiences and opinions about medications. Platforms like

X (former name Twitter) and Facebook serve as repositories of

user-generated content, which offer discernment into medication

usage patterns, adverse drug events, and public sentiment

surrounding pharmaceuticals. Such a reservoir of data can

complement traditional data sources by providing near real-

time information on medication safety concerns.

Despite its potential, relying solely on social media data for

pharmacovigilance has challenges. A significant issue arises from the

unstructured nature of social media content, which can introduce

variability and noise into the data, thereby complicating the

identification of drug safety signals. Furthermore, social media

users may not represent the entire population, leading to potential

biases in demographic representation and geographic coverage.

To overcome these challenges, advanced analytical techniques

such as natural language processing and machine learning are

being employed to analyze social media data more effectively.

These methods enable the identification of patterns and trends,

thereby assisting in the early detection of potential safety concerns

and facilitating real-time monitoring of medication safety. It is

crucial to ensure the reliability of social media data by validating

findings with conventional data sources and maintaining strict

privacy and ethical standards in data usage.

The use of social media data in pharmacovigilance represents a

promising strategy for enhancing medication safety monitoring. By

addressing the accompanying challenges and employing rigorous

methodologies, socialmedia data can serve as a valuable complement

to conventional surveillance data. In the future, prioritizing ethical

principles, promoting transparency, and fostering interdisciplinary

collaboration will prove indispensable in fully harnessing the

potential of social media data in safeguarding public health.

Social media platforms have emerged as significant sources of

real-time data, where users freely share their experiences and

opinions on various topics, including healthcare and medication

usage. These platforms enable the collection of patient-reported

outcomes, capture discussions onmedication usage and safety, and

identify the dissemination of misinformation related to drugs and

vaccines. Leveraging the capabilities of these platforms empowers

researchers and healthcare professionals to delve into the

experiences, attitudes, and concerns of the public. This wealth

of user-generated content provides a unique perspective on drug

safety and efficacy, offering insight that complements traditional

pharmacovigilance methods and enhancing our understanding of

medication impact in real-world settings.

The use of these platforms addresses a multitude of research

questions, spanning from understanding the reasons behind

medication changes to evaluating public sentiments towards

pharmacovigilance endeavors, and even combating the spread

of health-related misinformation. This review examines the

current literature on the use of social media data for drug

safety analysis, with a focus on the platforms utilized, the key

information extracted, the research questions addressed, and the

methodologies applied. Additionally, the review discusses the

challenges, limitations, and future directions of utilizing social

media data for drug safety analysis.

Figure 1 provides an overview of the process for analyzing

social media data to support pharmacovigilance. The process

starts with data collection from various sources, including

general social media platforms (e.g., X, Facebook, Instagram,

Reddit, and YouTube), health-specific forums (such as WebMD

and other medical forums), Q&A sites (such as Quora and Ask a

Patient), and other online content (like Amazon reviews, blogs,

news sites, and surveys). The information extracted from these

sources is categorized primarily into Patient Experience and

Perceptions and Adverse Drug Events. The extracted data

undergoes further analysis in four areas:

1. Machine Learning methods for Adverse Drug Event

Detection: This involves identifying and categorizing

adverse drug events through methods such as supervised,

semi-supervised, and unsupervised learning.

2. Public Sentiment and Patient Feedback Analysis: Techniques

like quantitative analysis and sentiment analysis are applied to

understand public opinion and patient feedback on

drug safety.

3. Drug Abuse Monitoring: Quantitative analysis and advanced

language models (large language model-based methods) are

employed tomonitor drug abuse trends based on user discussions.

Experimental Biology and Medicine
Published by Frontiers

Society for Experimental Biology and Medicine02

Dong et al. 10.3389/ebm.2025.10555

17

https://doi.org/10.3389/ebm.2025.10555


4. Drug-Drug Interaction Monitoring: Network analysis and

supervised learning are used to identify and assess potential

interactions between different drugs.

Through these stages the process integrates various machine

learning and analysis techniques to drawmeaningful information

that can enhance pharmacovigilance practices by capturing real-

world patient experiences, monitoring safety signals, and

improving our understanding of drug-related issues.

Social media platforms utilized for
pharmacovigilance

Social media platforms provide diverse online environments

for sharing user-generated content which contains data useful for

drug safety research. General platforms like X,1 Facebook,2

Instagram,3 Reddit,4 and YouTube5 offer broad audience

engagement, while health-specific forums such as WebMD6 as

well as Q&A platforms such as Quora7 and Ask a Patient8 focus

on medical discussions. Additionally, other platforms such as the

e-commerce site Amazon9 and various blogs have user reviews

and discussions on drug products, enriching the data pool for

drug safety analysis. Collectively, these social media platforms

offer data that can facilitate a comprehensive understanding of

patient experiences, medication effects, and healthcare trends.

Social media platforms differ in data scale, user

demographics, content modality, and real-time

accessibility—factors that shape their utilization in

pharmacovigilance. X features high-frequency, short-text

updates in real time, making it well-suited for detecting

emerging safety signals, particularly among its predominantly

young U.S. users. Facebook provides large-scale, globally diverse

user demographics and facilitates lifestyle sharing,

intergenerational interaction, and marketplace activity.

Instagram contains visually rich content—photos and

videos—primarily around themes like fashion, beauty, and

FIGURE 1
Overview of drug safety analysis with social media data.

1 https://x.com/

2 https://www.facebook.com/

3 https://www.instagram.com/

4 https://www.reddit.com/

5 https://www.youtube.com/

6 https://www.webmd.com/

7 https://www.quora.com/

8 https://askapatient.com

9 https://www.amazon.com/
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travel, attracting a younger audience but offering limited textual

data. Reddit hosts in-depth, community-driven discussions on

topics such as technology and health through anonymous

forums, though it lacks real-time immediacy. YouTube

delivers both long- and short-form video content across

educational and entertainment topics to a global, multi-

generational audience, but pharmacovigilance efforts on the

platform require resource-intensive video analysis. Health

forums focus on structured, medically-oriented discussions

within smaller, specialized communities. E-commerce

platforms like Amazon provide valuable insight into over-the-

counter medication safety through consumer reviews.

Meanwhile, blogs and online surveys, though useful for

exploring historical public opinion, are declining in relevance

compared to more dynamic and interactive social media

channels. These variations highlight the importance of

tailoring pharmacovigilance strategies to each

platform—leveraging the strengths of real-time surveillance on

X or visual content on Instagram, while accounting for

constraints in scalability, content richness, or

demographic coverage.

Social media has evolved significantly since its early days in

the 1970s, when online communication was limited to basic chat

rooms and forums. In the 2000s, platforms such as Facebook, X

(formerly Twitter), and Instagram emerged, enabling users to

share experiences in real time. Over time, social media content

has expanded from text-based posts to multimedia formats,

including images, videos, and live interactions. Access for

researchers has also changed—while many platforms initially

offered open APIs for data analysis, recent restrictions have

limited the availability of user-generated content, posing new

challenges for social media-based research. Researchers are

employing adaptive strategies such as web scraping, synthetic

data generation, and collaborative research agreements with

platforms to obtain unrestricted access to social media data

for pharmacovigilance research, thereby mitigating the

challenges posed by recent API limitations. Table 1

summarizes popular social media platforms and drug safety

studies based on data extracted from these platforms.

X has emerged as a pivotal resource in pharmacovigilance,

providing insight into public perceptions and experiences

regarding medications. Researchers have effectively leveraged

this platform to extract valuable information, including

adverse drug events, user sentiments, and discussions on drug

safety and efficacy. Through the application of analytical

methods such as natural language processing, machine

learning, and sentiment analysis, they have managed the

challenges posed by extensive data volumes and noise in the

user-generated content, thereby enhancing drug safety

monitoring and public health strategies. For instance, Sule

et al. [1] utilized X to combat the dissemination of COVID-19

misinformation from physicians, thereby contributing to the

improvement of public health communications. Pathak and

Catalan-Matamoros [2] explored X’s potential as an early

warning system for drug safety signals, with the aim of

strengthening pharmacovigilance practices. Hua et al. [8]

investigated public perceptions of COVID-19-related

medications using X, offering valuable insight for

pharmacovigilance and policy-making decisions. Sharma et al.

[11] conducted a scoping review utilizing sentiment analysis to

comprehend patient experiences with pharmacotherapy. Rezaei

et al. [12] applied deep learning techniques to detect adverse drug

TABLE 1 Data platform Review.

Category Platform Start year Publication

General social media Platform X 2006 [1–38]

Facebook 2004 [1, 4, 19, 24–26, 28, 29, 38–47]

Instagram 2010 [1, 4, 41, 48]

Reddit 2005 [4, 16, 17, 41, 49–55]

YouTube 2005 [1, 4, 41, 47, 56]

Online Health Forums WebMD online health forum 1998 [40, 57, 58]

Health forum in French (https://www.doctissimo.fr/) N/A [59]

Health forum (Healthunlocked.com) 2010 [60]

Q&A platforms Quora 2009 [61]

Ask a Patient 2000 [62, 63]

Others Amazon 1995 [64, 65]

Blogs and News N/A [1, 24, 29, 43, 66–68]

Online Surveys N/A [69–76]
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events on X, thereby enhancing the efficiency of safety concern

identification. Lardon et al. [23] evaluated X as a supplementary

data source for pharmacovigilance and compared it with

traditional monitoring systems. Khademi et al. [32] developed

a model by coupling topic modeling and transformer-based

learning for the early detection of vaccine safety signals in X

posts, and the detected adverse events were generally aligned with

those reported in a spontaneous vaccine safety surveillance

system, showcasing the potential of social media data for early

detection of emerging vaccine safety issues. These examples

underscore the versatility and value of X posts in

complementing traditional pharmacovigilance methods,

particularly during public health crises like the COVID-19

pandemic, and in understanding off-label medication use.

Facebook offers important user-generated data for

pharmacovigilance, covering discussions, comments, and posts

on medications, adverse drug reactions, and drug safety feelings.

This data helps improve post-marketing drug safety surveillance.

For example, Pierce et al. [26] explored the possibility of

detecting drug adverse events in Facebook and X earlier than

their reports in the FDA Adverse Event Reporting System

(FAERS), demonstrating that social media platforms such as

Facebook and X can be used for early detection of certain adverse

events. Powell et al. [28] investigated the usefulness of Facebook

in post-marketing drug safety surveillance by examining its

effectiveness in capturing patient experiences and concerns on

medications, indicating that Facebook provides data for the

detection of early warning signs of potential drug safety.

Coloma et al. [29] used Facebook in their evaluation of social

media networks’ contributions to drug safety surveillance,

demonstrating the usefulness of the patient-reported

information in pharmacovigilance. These studies collectively

highlight the significant role of Facebook in pharmacovigilance,

supporting better regulatory decisions and patient care.

Instagram, a popular social media platform owned by

Facebook, Meta, allows users to share photos, videos, and

engage with others through likes, comments, and direct

messaging. For instance, Li et al. [48] focused on developing a

machine learning approach for identifying and profiling illicit

drug dealers on Instagram by analyzing posts and comments for

hashtags and language patterns associated with illegal drug

dealings. Through an examination of posts and comments,

this study identified key information like hashtags and

language patterns indicative of illegal drug activities. This

research addresses concerns about drug sales on social media

and suggests a mechanism that may help counteract such

occurrences.

Reddit’s diverse communities offer a wealth of user-

generated health data, making it a valuable platform for

pharmacovigilance and public health research. For instance,

Godinez et al. [51] analyzed Reddit discussions to gain an

understanding of the experiences and concerns of individuals

transitioning between HIV pre-exposure prophylaxis medications,

thereby informing healthcare policies. Guo et al. [50] utilized the

Reddit platform for real-time tracking and analysis of COVID-19

symptoms, facilitating early detection and response to the

pandemic. Furthermore, Szczypka et al. [55] explored Reddit

discussions on Delta-8-tetrahydrocannabinol, shedding light on

public perceptions and potential health risks associated with its

use. Lastly, Sharp et al. [53] conducted a comprehensive analysis of

11 years of Reddit posts related to dietary supplements among

military personnel, providing valuable data on safety, efficacy, and

usage patterns within this specific population. These examples

collectively underscore the significant role of Reddit in enhancing

our understanding of drug safety and informing public health

strategies.

YouTube, being a widely utilized video-sharing platform,

provides a rich source of information on medication usage and

health-related topics. For example, Hansen et al. [56] assessed the

accuracy of safety information conveyed in YouTube videos

about medication usage during pregnancy. Their aim was to

ensure that pregnant women have access to reliable and

evidence-based guidance to facilitate informed decision-

making for their well-being.

Research on drug safety is increasingly leveraging patient-

generated data from health-specific forums and online

consultation platforms, such as WebMD. These studies utilize

quantitative analysis and natural language processing techniques

to extract information directly from patient reviews and

discussions, providing a unique perspective on medication

adherence, adverse drug reactions, and patient satisfaction. By

comparing patient-reported reasons for medication changes

against formal adverse event reporting systems and assessing

the cognitive levels and intervention preferences of patients with

hypertriglyceridemia, these research efforts enhance our

understanding of real-world medication experiences and safety

concerns, ultimately contributing to the improvement of

pharmacovigilance practices.

In addition to WebMD, numerous health forums cater to

different languages and focus on various topics. For instance,

Abdellaoui et al. [77] used a topic modeling approach to identify

instances of noncompliance to drug treatment in patient forum

posts. Similarly, Karapetiantz et al. [78] found a discrepancy

between personal experiences and negative opinions with the

human papillomavirus vaccine in web forums. They also found

that descriptions of adverse drug reactions are less detailed in

forums compared to the French Pharmacovigilance Database,10

however, forums provide more unexpected reactions [79]. These

examples illustrate the potential of health-specific forums and

online consultation platforms in enhancing our understanding of

drug safety and improving pharmacovigilance practices. They

emphasize the importance of considering patient experiences and

10 https://ansm.sante.fr/page/enhanced-surveillance-of-medicines
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perspectives in different languages and contexts. Such an

approach not only enriches available data for analysis but also

ensures a more comprehensive and inclusive understanding of

drug safety.

Q&A platforms like Quora and patient feedback websites

such as8 play a crucial role in drug safety research by providing a

space for patients to share their experiences, ask questions about

medications, and discuss their treatment preferences. For

instance, Xu et al. [61] analyzed the discussions about

COVID-19 vaccine clinical trials on Quora, providing insight

into public sentiment and common questions about the trials,

which can inform future communication strategies and patient

education efforts. Similarly, Song et al. [62] conducted a social

media listening infosurveillance study to evaluate the needs and

experiences of patients with hypertriglyceridemia. They

identified common concerns and preferences that can be

utilized to guide the development of patient-centered care

strategies for this population. Moreover, Duh et al. [63]

explored whether social media data could aid in the early

detection of drug-related adverse events. They found that

patient discussions on platforms like8 can provide early

warning signs of potential adverse events, thereby enhancing

the timeliness and effectiveness of pharmacovigilance efforts.

These examples underscore the potential of Q&A platforms and

patient feedback websites in drug safety research, emphasizing

the importance of incorporating patient voices in the study to

improve drug safety practices.

E-commerce platforms like Amazon serve as valuable

repositories of consumer-generated data for drug safety

research. By examining user reviews, ratings, and Q&A

sections, researchers can gain insight into the real-world

performance and safety of over-the-counter medications and

health products. For instance, Adams et al. [64] used an

automated method to uncover safety and efficacy issues

related to joint and muscle pain treatments from Amazon

reviews. Similarly, Gartland et al. [65] focused on creating

crowdsourced training datasets for pharmacovigilance

intelligent automation, illustrating the potential of platforms

like Amazon Turk to provide valuable data for training

machine learning models in pharmacovigilance studies. These

examples highlight the significance of e-commerce platforms in

drug safety research, enhancing our understanding of medication

safety and efficacy in real-world contexts.

In the past, news articles and blog posts were frequently used

as primary data sources for drug safety research. However, their

utilization has witnessed a decline in recent years. Despite the

shift from blogs to real time social media platforms, traditional

news and blog data can still yield valuable insights for drug safety

research. For example, de Vries et al. [66] analyzed a series of

healthcare provider communications in newspaper articles

spanning from 2001 to 2015 in the Netherlands,

demonstrating the value of such media in drug safety

research. Similarly, Matsuda et al. [68] analyzed patient

narratives sourced from disease-specific blogs, a component of

the TOBYO database,11 revealing valuable real-world medication

experiences and emphasizing the potential of such platforms in

bolstering drug safety research and pharmacovigilance efforts.

These examples emphasize the significant role of news and blog

data in understanding public perceptions and experiences related

to drug safety.

Online surveys are valuable tools in drug safety research,

providing a platform for collecting large-scale patient-generated

data. For instance, Grundmann et al. [70] used an online survey

to investigate patterns of Kratom use and its health impact in the

US. Similarly, Wysota et al. [75] and Nguyen et al. [76] utilized

online surveys to understand consumers’ knowledge,

perceptions, and usage of cannabidiol products. The

widespread adoption of online surveys signifies their pivotal

role in advancing drug safety research by providing a robust

platform for data collection and analysis.

Information extracted from social
media platforms

In the realm of pharmacovigilance, social media has emerged

as a pivotal source of information, offering unprecedented access

to a wealth of data regarding patient experiences, perceptions,

and discussions related to medication use and safety. This section

delves into the various ways social media data can be harnessed to

enhance our understanding of patient experiences, detect and

analyze adverse drug events, assess vaccine efficacy and safety,

and combat the spread of misinformation. It highlights the

importance of leveraging social media platforms to inform

healthcare practices, improve pharmacovigilance efforts, and

address the challenges posed by misinformation, ultimately

aiming to enhance public health and safety. Table 2 shows the

categories of key information extracted from social media.

Patient experiences and perceptions

Social media platforms have become invaluable for capturing

patient experiences and perceptions regarding medication use,

benefits, and safety. Golder et al. [40] and Micale et al. [57]

examined online discussions and personal narratives, uncovering

reasons behind medication changes, such as adverse events

experienced by patients on statin therapies and other

treatments, along with factors influencing their satisfaction

and concerns. Yamaguchi et al. [42] explored the impact of

social media information on self-medication choices, focusing on

fenbendazole, and highlighting how such information can lead to

11 https://www.tobyo.jp/
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adverse events, emphasizing the need for effective

communication strategies and vigilant monitoring. In a

similar vein, Karapetiantz et al. [78] analyzed HPV vaccine

discussions in online forums, identifying a gap between

personal experiences and negative public opinions, which

contributes to vaccine hesitancy and signals the need for

targeted interventions. Guo et al. [50] further illustrated how

social media enhances traditional pharmacovigilance by offering

a deeper understanding of real-world drug safety through

patient-reported symptoms. Vaughan et al. [80] documented

patient experiences with dabigatran, offering insight into patient

satisfaction, concerns, and adverse effects that stress the

importance of understanding patient perspectives.

Additionally, Nguyen et al. [76] highlighted consumer

perceptions and attitudes toward cannabis products,

demonstrating the influence of social media in shaping public

opinion and highlighting concerns related to the use and safety of

such products. Collectively, these studies showcase social media’s

role in strengthening pharmacovigilance by amplifying patient

voices and informing healthcare practices that align with patient

needs and real-world experiences.

Adverse drug events:

Social media platforms, especially X, are increasingly being

used to detect adverse drug events. Pathak et al. [2] and Litvinova

et al. [3] demonstrated the potential of X posts as early indicators

of safety signals, with Pathak focusing on initial detection and

Litvinova refining methods for accurate adverse drug event

identification. Yu et al. [5] developed a natural language

processing model to analyze X posts for adverse drug events,

while Magge et al. [10] used deep learning to extract adverse drug

events from the platform. The Web-RADR project, as reported

by Gattepaille et al. [14], applied machine learning to identify

adverse drug events on X, establishing a benchmark dataset for

adverse event recognition. Masino et al. [22] enhanced

automated adverse drug event detection using convolutional

neural networks, and Fisher et al. [34] introduced a scalable

machine learning framework for identifying drug-related harms

on social media. Further advancements in ADE detection on

social platforms were achieved by Botsis et al. [81], Dong et al.

[82], and Zhang et al. [83] through the application of text mining

and BERT-based language models, enhancing post-marketing

surveillance and pharmacovigilance practices.

Web forums also serve as valuable source for monitoring

adverse drug events. Roche et al. [59] extracted adverse drug

events from Doctissimo, a medical forum where users report side

effects and allergic reactions. Bulcock et al. [72] highlighted

HealthUnlocked, a health discussion forum, as a platform for

detecting emerging side effects. Audeh et al. [84] explored French

web forums where users share serious adverse drug events, and

Karapetiantz et al. [85] analyzed 23 health forums using the V4M

Scraper tool to identify adverse drug events, drug interactions,

and safety concerns. Together, these studies showcased the

potential of social media and web forums as real-world

sources of adverse drug event data, enriching drug safety

research and enabling faster responses to public safety concerns.

Methods for utilizing social
media data

The integration of social media data into drug safety

monitoring has significantly advanced the detection of adverse

drug events, analysis of public sentiment, monitoring of drug

abuse, and identification of drug-drug interactions. Social media

platforms, with their vast and diverse user-generated content,

offer a unique perspective on real-world patient experiences and

public perceptions of medications.

In adverse drug events detection, both supervised and

unsupervised learning methods, including models like BERT

TABLE 2 Extracted key information categories from social media data.

Key information Category Key information Reference

Patient Experience and Perceptions patient experience of adverse events for Discontinuing Statin Therapy [40]

Patient experience of adverse events for medication change [57]

Patient experience of fenbendazole safety and efficacy [42]

Negative opinions and personal experience with HPV vaccine [78]

Patient reported Symptoms [50]

Patient Experiences with Dabigatran [80]

consumer perceptions and attitudes on cannabis products [76]

Adverse Drug Events Adverse Drug Events in X posts [2, 3, 5, 10, 14, 22, 34, 81–83]

Adverse Drug Events in Forums [59, 72, 84, 85]
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TABLE 3 Methods for analyzing adverse drug events, public sentiment, drug abuse, and drug-drug interactions using social media data.

Topic Category Method
Category

Details Advantage Limitation Reference

Machine Learning
methods for Adverse
Drug Event Detection

Supervised
Learning

BERT-based model to extract
adverse drug events from X posts

High accuracy on X posts Requires labeled data for
effective training

[82]

natural language processing
methods to detect adverse drug
events from clinical text

High accuracy in structured
clinical environments

Limited generalizability to
non-clinical text and informal
language

[86]

Pipeline to extract and normalize
adverse drug events

Detect adverse drug events in X
posts

Limited to X posts data [10]

adverse drug event detection
across platforms

High detection accuracy Limited generalizability to
diverse social media platforms

[12]

Unsupervised
Learning

Co-clustering for adverse drug
event detection

Detects adverse drug event signals
by clustering related data without
predefined labels

Validation limited to
COVID-19 related data

[87]

Transformer-based adverse drug
event detection

High sensitivity in capturing
emerging adverse drug events

Limited to specific drugs and
topics in the training set

[49]

CNN model for adverse drug
event detection

Detects adverse drug events
without predefined labels

Limited in capturing complex
adverse drug events

[22]

Semi-supervised
Learning

Word embeddings-based lexical
network for adverse drug events
detection

Severity scoring to assess different
adverse drug events

Data quality, noise, and bias
exist in social media data

[54]

Public Sentiment and
Patient Feedback
Analysis

Quantitative
Analysis

Direct patient feedback analysis
through quantitative methods

Provides insight into patient
perspectives

Limited by the accuracy of
self-reported data

[57]

Sentiment
Analysis

WC-CNN model for sentiment
analysis

Detects safety signals by
examining user behavior over time

Limited to the Levothyrox
case in France

[59]

Sentiment analysis of public
perception of specific drugs for
COVID-19 treatment

Captures public perceptions on
certain drugs

Limited to specific drugs and
COVID-19 context

[39]

VADER model for sentiment
analysis on cannabidiol use for
various conditions

Provides insight into public
perception of cannabidiol use

Manual labeling needed for
classifier training

[9]

Drug Abuse Large Language
Model based

GPT-3 for generating a lexicon for
drug abuse detection in social
media

Captures slang and misspellings
for drug abuse detection

Limited to 98 drugs with
limited evaluation

[88]

Quantitative
Analysis

Frequency analysis of opioid
misuse, abuse, addiction,
overdose, and death

Real-time tracking and insight
into opioid abuse trends

Limited to opioid-related data [36]

Statistical analysis with data
quality metrics and topic
modeling for drug abuse content

Structured framework for
analyzing drug abuse-related
content

Limited social media
platforms and limited
generalizability

[89]

NER for adverse drug event
identification; PRR for potential
adverse drug event detection; topic
modeling to identify themes

Comprehensive analysis and real-
time monitoring using social
media data

Limited to methylphenidate-
related posts between
2007 and 2016 only

[90]

Quantitative analysis of annotated
posts for drug abuse

Supervised classification model to
detect drug abuse signals in X
posts

Requires manually annotated
6,400 X posts containing drug
abuse signals

[91]

Drug-Drug Interactions Quantitative
Analysis

Frequency and rates for posts
related to Drug-Drug Interactions
are analyzed

Manually reviewed and evaluated
by two blinded investigators

Limited data and limited
manual validation

[92]

Supervised
Learning

Drug-Drug Interactions detection
in social media data

Extracts related Drug-Drug
Interactions information from
social media platforms

Requires an annotated Drug-
Drug Interactions corpus

[93]

(Continued on following page)
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and co-clustering algorithms, are applied to extract and analyze

adverse events from social media posts. For public sentiment

analysis, cutting-edge sentiment analysis models are being used

to assess patient feedback and identify potential safety signals.

Meanwhile, drug abuse monitoring employs large language

models and quantitative analysis to detect trends in misuse,

addiction, and overdose incidents. The identification of drug-

drug interactions is enhanced through network analysis and

supervised learning techniques.

These methods are reshaping pharmacovigilance, enabling

faster identification of safety concerns, a deeper understanding of

patient experiences, and more effective monitoring of public

health issues. Table 3 summarizes the various methods and their

applications in utilizing social media data to advance drug

safety studies.

Machine learning methods for adverse
drug event detection

One of the most active areas of drug safety research is the

detection and extraction of adverse drug events from social media

posts. Various machine learning approaches—supervised,

unsupervised, and semi-supervised—are employed, each with

unique strengths and limitations.

Supervised learning approaches, such as those utilizing

BERT-based models, achieve high accuracy in extracting

adverse drug events but are heavily reliant on large, labeled

datasets. This requirement makes them resource-intensive and

less adaptable to diverse social media platforms. For example,

BERT-based models have demonstrated exceptional

performance in extracting adverse drug events from X posts,

but their effectiveness hinges on the availability of labeled data

[82]. Natural language processing techniques have also been used

to detect adverse drug events in clinical documents, achieving

good results within structured data but facing challenges when

applied to informal or unstructured social media text [86]. Magge

et al. [10] used deep learning methods in their DeepADEMiner

pipeline to extract and normalize adverse drug event mentions on

X posts. Despite its success on specific platforms like X, such

models often struggle to generalize across the diverse and

evolving landscape of social media environments [12].

Unsupervised learning methods, such as co-clustering, allow

adverse drug event detection by grouping related data without

requiring predefined labels. These methods have been

particularly useful in monitoring adverse drug events

associated with COVID-19, though their validation remains

largely confined to this context [87]. Transformer-based [49]

and CNN-based [22] models enhance adverse drug event

detection sensitivity and capture emerging adverse drug events

without relying on labeled data. However, these approaches are

often constrained by the drugs and topics present in the training

set, making them less adaptable to new or evolving drug

discussions.

Semi-supervised learning techniques combine the strengths

of supervised and unsupervised techniques, using a smaller

labeled dataset alongside a larger pool of unlabeled data. This

approach strikes a balance between accuracy and flexibility,

although it continues to face challenges with scalability and

data quality. For instance, word embeddings-based lexical

networks have been used to introduce severity scoring for

assessing adverse drug events, addressing the inherent issues

with data quality, noise, and bias in social media data [54].

In summary, while advancements in supervised,

unsupervised, and semi-supervised learning techniques have

significantly improved ADE detection from social media, each

method has inherent trade-offs. Future research must focus on

enhancing generalizability, scalability, and robustness to fully

leverage social media data for pharmacovigilance.

Public sentiment and patient
feedback analysis

Social media platforms provide unique patient perspectives and

public sentiment regarding medications, complementing traditional

pharmacovigilance methods. Quantitative analysis methods and

sentiment analysis techniques contribute to understanding

patient experiences and detecting drug safety signals, though

challenges with data quality and generalization persist.

Quantitative analysis methods, often involving manual review

of patient posts, offer valuable information on patient attitudes and

experiences. However, the accuracy and reliability of self-reported

data remain significant limitations [57]. Despite these constraints,

such methods are instrumental in capturing nuanced patient

feedback and identifying trends in medication use and side effects.

Sentiment analysis techniques are frequently used to track

public perceptions of medications and detect emerging drug

TABLE 3 (Continued) Methods for analyzing adverse drug events, public sentiment, drug abuse, and drug-drug interactions using social media data.

Topic Category Method
Category

Details Advantage Limitation Reference

Network Analysis Co-occurrence network for users
based on potential Drug-Drug
Interactions

Detects relationships and patterns
for emerging Drug-Drug
Interactions through network
analysis

Limited to Instagram
platform with privacy and
ethical concerns

[94]
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safety signals. Advanced models like WC-CNN have been

employed to monitor sentiment trends linked to specific

drugs, such as Levothyrox in France. While effective in

capturing localized sentiment, these models often struggle to

generalize across different drugs or regions [59].

Studies have also employed sentiment analysis to understand

public perceptions of drugs for specific conditions. For instance,

sentiment analysis models like VADER have been applied to

assess public attitudes toward COVID-19 treatments [39] and the

use of cannabidiol for various health issues [9]. While VADER

provides valuable public sentiment, its reliance on manual

labeling for classifier training presents scalability challenges,

particularly when dealing with large, diverse datasets.

Together, quantitative and sentiment analysis methods

enrich drug safety assessments, offering a more

comprehensive understanding of medication safety and public

attitudes. However, ongoing efforts to address issues with data

quality, scalability, and model generalization are essential for

maximizing their potential in pharmacovigilance.

Drug abuse

The rise of drug abuse, particularly opioid misuse, has driven

significant efforts to monitor drug abuse trends using social

media data. By analyzing user-generated content, researchers

aim to enable early detection of abuse, addiction, overdose, and

other drug-related issues.

Large language models like GPT-3 have been used to

generate lexicons for drug abuse detection, capturing slang,

misspellings, and colloquialisms frequently used in drug-

related discussions. While these lexicons offer a valuable

starting point, they typically focus on a narrow range of drugs

and often lack comprehensive evaluation, limiting their broader

applicability [88].

Quantitative analysis methods, such as frequency analysis,

provide real-time tracking of opioid misuse, abuse, addiction,

overdose, and related deaths. These methods help identify

emerging trends and patterns in drug abuse [36]. More

structured approaches, incorporating data quality matrices and

topic modeling, provide frameworks for analyzing drug abuse

content across social media platforms. However, the diversity

and variability of these platforms pose challenges to

generalizability and cross-platform applicability [89].

Techniques such as named entity recognition combined with

proportional reporting ratios enables more targeted analysis by

identifying specific drugs and associated adverse events. For

instance, studies have focused on methylphenidate-related social

media posts from 2007 to 2016, highlighting the potential of such

methods for longitudinal drug abuse research [90].

Supervised learning models further enhance drug abuse

monitoring. Sarker et al. [91] developed a supervised

classification model trained on 6,400 manually annotated X posts

to identify drug abuse-related content. This approach highlights the

importance of labeled data in improving the precision and reliability

of drug abuse trend analysis on social media.

By combining advanced natural language processing

techniques with structured analytical methods, researchers are

gaining a deeper understanding of drug abuse trends. However,

challenges related to data quality, platform diversity, and

scalability remain areas for future improvement.

Drug-drug interaction

Monitoring drug-drug interactions using social media data is

an emerging trend in drug safety evaluation. Social media provides

the advantage of real-time, user-generated data, allowing for quick

identification of potential drug-drug interactions across diverse

populations. However, this approach faces challenges, including

the need for context-rich analysis, issues with data quality, and

privacy concerns on certain platforms. Traditionally, drug-drug

interactions detection relied on structured data, but social media

offers a dynamic and expansive source of information.

Quantitative approaches analyze the frequency and prevalence

of drug-drug interactions related posts, which are then manually

reviewed by blinded investigators. While informative, these

methods are often limited by data availability and require

labor-intensive validation processes [92]. Supervised learning

models address these limitations by leveraging annotated drug-

drug interactions corpora to extract relevant interaction

information from user posts, enhancing detection efficiency [93].

Network analysis has also been applied to study potential

drug-drug interactions by constructing co-occurrence networks

based on user mentions of interacting drugs. This method

facilitates the identification of emerging drug-drug interaction

patterns and relationships. However, its application is sometimes

limited by platform-specific privacy and ethical concerns,

especially on platforms like on Instagram [94].

In conclusion, leveraging social media for monitoring drug-

drug interactions presents a promising complement to

traditional methods, offering real-time information and access

to diverse patient populations. While challenges such as data

quality, contextual interpretation, and privacy concerns remain,

advancements in quantitative analysis, supervised learning

models, and network analysis demonstrate the potential of

this approach. With continued refinement and ethical

considerations, social media could become a vital tool in

enhancing drug safety and public health.

Discussion

Integrating social media data into drug safety research offers

valuable insight, but presents several challenges that must be

addressed to ensure reliable and actionable findings.
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Data reliability and quality

Social media data is often unstructured and informal,

complicating the identification of credible adverse drug event

reports amidst speculative or inaccurate posts. The variability

and frequent lack of contextual information in social media

content further hinder interpretation, reducing the reliability

of findings. Addressing these issues requires rigorous

screening, validation, and contextual analysis. Moreover, the

lack of demographic and medical context from social media

users makes it challenging to generalize findings across

populations. Comparing and pooling data across social media

platforms is challenging due to differences in user demographics,

content formats, and engagement patterns. Privacy regulations

further restrict access to user profiles, making it difficult to

analyze demographic information comprehensively.

Additionally, a key limitation of current studies is the inability

to fully verify whether social media users are real individuals or

automated accounts. While many platforms have implemented

stricter user verification measures, restricted access to

demographic and account data remains a significant challenge

for researchers seeking to ensure the authenticity and

representativeness of social media-derived insights.

Social media platforms often restrict access to demographic

and account information, posing challenges in verifying user

identities. AI tools can help mitigate this by detecting bot-like

behavior, such as rapid posting patterns and generic language.

However, the rise of advanced language models introduces new

concerns, as they can generate large volumes of content that may

be difficult to distinguish from genuine user experiences. To

enhance data reliability, preprocessing need to include methods

for filtering posts from suspicious or abnormal accounts,

ensuring that subsequent analysis focuses on real-world health

experiences shared by actual users.

Data reliability is a key concern in social media-based

pharmacovigilance. For data preprocessing, inclusion criteria

focus on posts that explicitly mention drugs, adverse drug

events, or health experiences. To ensure quality, irrelevant

content, spam, and non-English posts are removed.

Additionally, posts from suspicious or abnormal user accounts

are filtered out to enhance reliability and prioritize real user

experiences. While confirming individual accounts as real people

remains a challenge, these preprocessing steps help improve data

integrity and the robustness of findings.

Ethical and privacy concerns

The use of personal social media data in drug safety research

introduces significant ethical and privacy challenges. Researchers

must comply with privacy laws and adhere to ethical standards to

mitigate risks such as discrimination or stigmatization.

Implementing robust privacy protections, anonymization

techniques, and transparent data usage practices is essential to

maintain public trust and protecting users.

Misinformation and bias

Social media is prone to misinformation and biases that can

hinder accurate adverse drug event detection. Distinguishing

genuine patient experiences from misleading or biased content

requires careful fact-checking and verification to ensure data

reliability. Misinformation on social media can distort

perceptions of drug safety, emphasizing the need for robust

methods to counteract its influence. A key research gap is the

need for a deeper exploration of strategies to mitigate the impact

of misinformation and bias, as these factors influence all reported

findings and approaches discussed in this review. Future research

could focus on developing and evaluating advanced AI-driven

algorithms for detecting and filtering misinformation.

Additionally, platform regulations, combined with multi-

source verification mechanisms, could play a crucial role in

limiting the spread of biased or inaccurate content while still

addressing user privacy concerns. A more systematic

investigation into these mitigation strategies would strengthen

the reliability of social media-based research findings.

Text mining and modeling challenges

Text mining models face limitations when processing the

informal language common on social media, such as slang,

abbreviations, and non-standard terms. This issue can reduce

the accuracy of automated adverse drug event detection. To

address these issues, researchers need to improve text mining

models and standardize data validation methods. Combining

social media data with traditional pharmacovigilance methods

provides a more comprehensive understanding of drug safety.

Regulatory frameworks

The regulatory landscape for incorporating social media data

into pharmacovigilance is still evolving. Clear and standardized

guidelines are needed to govern ethical data use and alignment

with established pharmacovigilance practices. Such frameworks

are crucial for maintaining public trust and facilitating the

effective use of social media in drug safety research.

Conclusion

The integration of social media data into drug safety research

offers promising opportunities to enhance pharmacovigilance.

Social media’s vast, real-time data can complement traditional
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methods, enabling early detection of adverse drug events,

monitoring public sentiment, and capturing patient

experiences on medication risks and benefits. However,

unlocking the full potential of social media in drug safety

research requires addressing significant methodological,

ethical, and regulatory challenges.

This review highlights the need for rigorous methodologies,

including advanced data validation, standardized data processing

protocols, and specialized text mining models tailored to the

unique characteristics of social media content. Ethical

considerations, such as privacy protection and transparent

practices, are essential to maintaining public trust.

Additionally, as social media evolves, developing a strong

regulatory framework to govern the use of social media data

in pharmacovigilance is important.

Future research should focus on developing real-time

monitoring systems that can utilize social media for the early

detection of drug safety concerns. Hybrid models that integrate

social media data with traditional pharmacovigilance data hold

promise for the potential to improve the accuracy, speed, and

scope of safety signal detection. Standardizing data collection and

analytical methodologies across studies will enhance consistency

and reliability, enabling more actionable findings. Addressing

cultural and linguistic diversity in social media content will

also be essential to adapt these approaches to global

pharmacovigilance efforts.

Collaboration among academia, industry, regulatory

agencies, and social media platforms will play a key role in

advancing these goals. Such partnerships can foster resource

sharing, methodological alignment, and innovation in drug

safety monitoring. Regulatory agencies can provide guidance

on ethical and privacy standards, while social media platforms

can facilitate data access and support anonymization efforts.

These collaborative efforts will help establish a robust and

responsive pharmacovigilance ecosystem, enhancing post-

market surveillance and protecting public health worldwide.

By integrating social media data with established

pharmacovigilance practices, researchers and healthcare

providers can improve post-marketing drug safety monitoring,

enhance public health outcomes, and build a collaborative

ecosystem that benefits patients and society.
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Abstract

Peripheral nerve injuries (PNIs) pose a significant clinical challenge, often

leading to incomplete functional recovery despite current treatments.

Platelet-rich plasma (PRP), which contains high levels of growth factors and

bioactivemolecules, has emerged as a promising regenerative therapy for nerve

repair and restoring function. This review consolidates current evidence on PRP

applications in treating peripheral nerve injuries, examining molecular

mechanisms, clinical outcomes, and therapeutic potential. PRP markedly

enhances nerve regeneration, improves recovery of sensory and motor

functions, and alleviates neuropathic pain across various nerve injuries. It

promotes axonal growth, reduces scar formation, stimulates Schwann cell

proliferation, and modulates inflammation through the release of

neurotrophic factors, including PDGF, VEGF, TGF-β, and IGF-1. Combining

PRP with surgical techniques and biomaterial scaffolds yields better therapeutic

results. Key factors influencing efficacy include platelet concentration,

leukocyte content, activation methods, and patient-specific variables. PRP is

a safe and effective option for peripheral nerve injury repair. However,

challenges persist in standardizing preparation protocols, optimizing

treatment timing, and fully understanding molecular mechanisms. Future

research should focus on personalized PRP formulations, combination

therapies, and large-scale randomized controlled trials to develop definitive

clinical guidelines.
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Impact statement

Peripheral nerve injuries often lead to long-term disability,

and current treatment options offer limited functional recovery.

This review is important because it consolidates and critically

evaluates the growing body of research on the use of platelet-rich

plasma (PRP) as a novel, biologically based therapy for peripheral

nerve repair. While PRP has gained attention in various fields of

regenerative medicine, its role in nerve healing is still emerging

and not yet standardized. By bringing together recent findings

from both preclinical and clinical studies, this work provides new

insight into how PRP promotes nerve regeneration through anti-

inflammatory effects, stimulation of nerve-supporting cells, and

delivery of growth factors that accelerate healing. It also explores

how PRP can be combined with existing surgical and biomaterial

approaches for improved outcomes. This review contributes to

the field by highlighting both the therapeutic promise and the

current limitations of PRP, and by outlining future research

directions needed to optimize its clinical application. As such, it

helps define a clearer path forward for integrating PRP into

routine nerve injury management.

Introduction

The central nervous system (CNS), comprising the brain and

spinal cord, acts as the central control hub that communicates

with various body organs via an extensive network of nerve fibres

extending throughout the peripheral nervous system. This

communication occurs through electrical and chemical signals

that facilitate coordinated physiological functions and responses

to environmental stimuli. These peripheral nerves can be

systematically classified based on their anatomical locations

and functional characteristics into three primary categories:

mixed nerves (containing both sensory and motor fibres),

motor nerves (responsible for muscle contraction and

movement), and sensory nerves (transmitting sensory

information from receptors to the CNS) [1, 2].

Peripheral nerve injury (PNI) represents a significant global

health concern and a leading cause of long-term disability,

affecting millions of individuals worldwide with substantial

socioeconomic implications. The consequences of PNI are often

devastating, resulting in severe sensory-motor dysfunction that

impairs daily activities, chronic neurogenic pain that significantly

reduces quality of life, and potential permanent disability requiring

long-term rehabilitation [3–5]. The etiology of PNI is diverse and

multifactorial, encompassing neurodegenerative diseases that

progressively damage nerve structure and function, acute open

trauma from accidents or surgical procedures, and chronic nerve

compression syndromes such as carpal tunnel syndrome or cubital

tunnel syndrome [6, 7].

In the anatomically complex head and neck region,

peripheral nerve injuries pose challenges due to the critical

functional roles of affected nerves. Damage commonly affects

several key cranial and peripheral nerves, including the inferior

alveolar nerve (resulting in altered sensation in the lower lip and

chin), the lingual nerve (causing taste disturbances and tongue

numbness), the facial nerve (leading to facial paralysis and

expression difficulties), and the hypoglossal nerve (affecting

tongue movement and speech articulation). These injuries can

severely impact essential functions such as mastication, speech,

facial expression, and overall oral function [8].

While peripheral nerve fibres demonstrate a remarkable

regenerative capacity and can achieve spontaneous healing

within weeks to months under optimal conditions, this

natural recovery process is often incomplete or insufficient,

especially in cases involving significant nerve damage, large

gaps, or unfavourable local conditions [9]. The clinical reality

presents considerable therapeutic challenges, as fewer than half

of patients with documented PNI undergo surgical nerve repair,

often due to factors such as delayed diagnosis, patient

comorbidities, or lack of specialized surgical expertise. Among

those who do receive surgical intervention, only 40–50% attain

complete functional recovery, highlighting the limitations of

current treatment approaches and the urgent need for

improved options [10]. Current management strategies

include both surgical techniques (such as direct repair, nerve

grafting, and nerve transfers) and conservative methods, with

non-surgical treatments encompassing targeted physiotherapy

programmes, emerging cell-based therapies using stem cells or

Schwann cells (SC), and pharmaceutical interventions aimed at

managing pain and encouraging nerve regeneration [3–5, 11].

Platelet-rich plasma (PRP) represents an innovative autologous

biological therapeutic derived through centrifugal separation of the

patient’s own blood, specifically isolating the plasma fraction

enriched with platelet concentrations that typically exceed normal

physiological levels by 3-5-fold [12, 13]. This preparation process

involves collecting whole blood, followed by specific centrifugation

protocols that concentrate platelets while preserving their functional

integrity and bioactive properties. The resulting PRP product serves

as a potent reservoir of endogenous bioactive molecules, being

particularly rich in multiple growth factors and cytokines

essential for tissue repair and regeneration. These include

granulocyte-macrophage colony-stimulating factor (GM-CSF) for

cellular proliferation, vascular endothelial growth factor A (VEGF-

A) for angiogenesis, epithelial growth factor (EGF) for cellular

differentiation, transforming growth factor β (TGF-β) for tissue

remodeling, platelet-derived growth factor (PDGF) for cellular

migration and proliferation, hepatocyte growth factor (HGF) for

neuroprotection, and insulin-like growth factor 1 (IGF-1) for nerve

regeneration [14].

PRP has established a substantial clinical track record

demonstrating therapeutic efficacy across diverse medical

applications, including accelerated healing in sports-related

injuries, enhanced recovery in spinal cord trauma, improved

wound healing in chronic conditions, and successful outcomes in
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plastic and reconstructive surgery procedures [15]. Specifically in

the context of peripheral nerve injuries, PRP exhibits

multifaceted therapeutic mechanisms, demonstrating

significant neurogenic properties that promote nerve fibre

regeneration, neuroprotective effects that prevent secondary

nerve degeneration, and anti-inflammatory activities that

modulate detrimental neuroinflammation while creating a

favourable microenvironment for healing [8, 16–18]. These

comprehensive therapeutic effects are mediated through PRP’s

complex role in orchestrating nerve regeneration processes,

including SC proliferation, axonal sprouting, remyelination,

and its documented capacity to alleviate debilitating

neuropathic pain through modulation of inflammatory

pathways and pain signaling mechanisms [19]. Compelling

clinical evidence continues to emerge supporting PRP’s

therapeutic potential, as exemplified by the case study

conducted by García de Cortázar et al. [20], who documented

satisfactory neurological recovery and functional improvement

in a patient with significant nerve injury following a structured

PRP treatment protocol administered over 11 months [20].

Given the demonstrated therapeutic potential of PRP in

managing peripheral nerve injuries, along with the urgent clinical

need for more effective treatment methods to improve functional

recovery, this comprehensive review aims to systematically

summarize, critically analyze, and discuss current research

progress on PRP applications for PNI. The review will evaluate

both preclinical and clinical evidence, treatment protocols,

outcomes, and future research directions to enhance PRP-based

therapies for peripheral nerve injury management.

Application of PRP in the treatment of
peripheral nerve injury

Accumulating evidence from both preclinical and clinical

studies shows that PRP has multiple therapeutic properties vital

for peripheral nerve repair. The main reason for PRP’s effectiveness

is its ability to regulate neuroinflammation through a dual

mechanism involving direct platelet-derived anti-inflammatory

mediators and the recruitment of reparative cell populations that

release additional anti-inflammatory factors [21–23]. When

activated, platelets in PRP release stored anti-inflammatory

cytokines such as interleukin-10 (IL-10) and TGF-β, while also

attracting macrophages, mesenchymal stem cells, and other

regenerative cells to the injury site. These recruited cells further

enhance the anti-inflammatory environment by secretingmore anti-

inflammatory mediators, resulting in a sustained therapeutic effect

that lasts beyond the initial platelet activation phase.

Beyond these anti-inflammatory properties, PRP exhibits

significant neuroprotective capabilities by preventing

secondary neuronal death and promoting axonal survival

following peripheral nerve injury. Furthermore, the

neurogenic properties of PRP are mediated through the

release of neurotrophic factors, including nerve growth factor

(NGF), brain-derived neurotrophic factor (BDNF), and

neurotrophin-3 (NT-3), which stimulate axonal sprouting,

guide nerve fiber growth, and support the maintenance of

neuronal phenotype during the regeneration process [1, 24].

Consequently, these growth factors work synergistically to

create an optimal microenvironment that facilitates both

proximal nerve stump survival and distal target reinnervation.

Building upon these fundamental mechanisms, the

therapeutic potential of PRP has been extensively investigated

across various peripheral nerve injuries, with consistent positive

outcomes reported for multiple anatomical locations.

Comprehensive studies have documented PRP’s efficacy in

treating injuries to major peripheral nerves, including the

sciatic nerve, facial nerve, median nerve, and even applications

extending to central nervous system pathologies [1, 21–24].

Moreover, the versatility of PRP treatment is further

evidenced by its successful application in diverse clinical

scenarios, ranging from complete nerve transection repairs to

functional restoration across peripheral nerve gaps [25].

In addition to its regenerative capabilities, PRP therapy has

demonstrated significant analgesic properties in treating

neuropathic pain associated with peripheral nerve injuries.

The pain-relieving mechanisms involve the downregulation of

pro-inflammatory cytokines and the modulation of pain

signaling pathways at both peripheral and central levels [18,

25–27]. Notably, recent studies have shown that PRP application

effectively reduces neuropathic pain in osteoarthritis patients by

specifically downregulating microglial activation in the spinal

cord, thereby interrupting the central sensitization processes that

contribute to chronic pain states [28]. This dual peripheral and

central mechanism of pain relief represents a significant

advantage over conventional analgesic approaches.

The mechanisms underlying these regenerative effects are

significantly mediated through PRP’s impact on Schwann cell

biology. SC play a crucial role in peripheral nerve regeneration

by providing structural support, producing neurotrophic factors,

and facilitating remyelination of regenerating axons. Supporting

this understanding, Salarinia et al. [29] demonstrated that PRP

treatment significantly enhances SC proliferation in experimental

spinal cord injury models in rats, leading to improved functional

outcomes. Subsequently, investigations have confirmed PRP’s

ability to promote both SC migration to injury sites and their

subsequent proliferation, creating a cellular environment conducive

to nerve repair [25, 30]. These cellular effects are attributed to the

growth factors present in PRP, particularly PDGF and HGF, which

specifically target SC receptors and activate proliferation pathways.

Collectively, the diverse applications andmechanisms of PRP

in peripheral nerve regeneration have been systematically

documented across multiple research studies, with findings

consistently supporting its therapeutic value in nerve repair,

functional restoration, pain management, and treatment of

degenerative neurological conditions [8, 31–36]. The
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comprehensive body of evidence regarding PRP applications in

various peripheral nerve regeneration scenarios is summarized in

Figure 1, providing a systematic overview of treatment protocols,

outcomes, and clinical effectiveness across different nerve injury

types and anatomical locations.

Cellular and molecular mechanisms
driving PRP therapy effects

The process of concentrating and separating platelets from

the patient’s own blood is known as PRP therapy. Upon

activation, these platelets release a potent array of bioactive

molecules stored within their granules, including cytokines,

growth factors, and signaling molecules. These components

are fundamental orchestrators of tissue repair and wound

healing processes [37]. A primary mechanism involves the

direct stimulation of cellular proliferation and differentiation

essential for regeneration. Growth factors within PRP, such as

PDGF, TGF-β, and VEGF, activate key cell types: mesenchymal

stem cells (MSCs), promoting their proliferation and

differentiation into various tissue-specific lineages; endothelial

cells, stimulating angiogenesis to improve local vascularization;

and fibroblasts, enhancing their synthesis of crucial extracellular

matrix (ECM) components like collagen and fibronectin [38, 39].

Furthermore, PRP actively promotes the production of

essential structural molecules, including fibronectin, collagen,

and hyaluronic acid. Collectively, these molecules form a

provisional ECM scaffold. This scaffold provides critical

mechanical support to the healing site, facilitates cell

migration, and creates a conducive environment for tissue

regeneration [40]. Critically, PRP also activates and recruits

local endogenous stem cells within the injury site, amplifying

their potential to differentiate into the specific cell types needed

for functional tissue repair [41]. Crucially, the efficacy of these

regenerative processes, cellular activation, differentiation, and

ECM synthesis, is profoundly enhanced by PRP’s ability to

modulate the inflammatory environment, shifting it towards a

state optimal for repair [42, 43]. PRP exerts significant

immunomodulatory actions, suppressing detrimental chronic

inflammation and actively promoting resolution and

regeneration. This anti-inflammatory activity is intrinsically

linked to creating the permissive conditions necessary for the

cellular and matrix-building activities described previously.

PRP achieves this essential immunomodulation through

several interconnected pathways. Firstly, it serves as a rich

source of potent anti-inflammatory molecules, including

interleukin-1 receptor antagonist (IL-1ra), Interleukin-4 (IL-4),

and Interleukin-10 (IL-10). IL-1ra directly inhibits the potent pro-

inflammatory cytokine IL-1β, while IL-4 and IL-10 suppress the

production of other key pro-inflammatory mediators like IL-6 and

TNF-α, simultaneously promoting anti-inflammatory signaling

cascades [42, 44]. Secondly, PRP stimulates the polarization of

macrophages away from the pro-inflammatory M1 phenotype

towards the anti-inflammatory, pro-repair M2 phenotype. These

M2 macrophages secrete high levels of TGF-β and IL-10, further

dampening inflammation, exhibit enhanced phagocytic activity to

clear cellular debris, and directly contribute to tissue remodeling

FIGURE 1
Comprehensive framework of platelet-rich plasma therapeutic applications in neural regeneration.
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[44]. Thirdly, components within PRP, notably TGF-β and

Prostaglandin E2 (PGE2), act to regulate T-cell responses. TGF-

β induces cell cycle arrest and apoptosis in T-cells, while

PGE2 downregulates essential co-stimulatory molecules and

cytokine receptors on their surface, thereby inhibiting T-cell

activation and proliferation [45]. Fourthly, PRP influences

dendritic cell (DC) function, promoting the development of

tolerogenic DCs. These specialized DCs exhibit reduced

expression of pro-inflammatory cytokines and co-stimulatory

molecules, instead fostering immune tolerance and the

generation of regulatory T-cells (Tregs) [46]. Finally, PRP

directly enhances the development, proliferation, and function

of Tregs themselves. Tregs are essential for maintaining immune

tolerance; they suppress effector T-cells and other immune cells

through mechanisms involving the release of anti-inflammatory

cytokines (IL-10, TGF-β) and direct cell contact [47].

By orchestrating this complex immunomodulation alongside

its direct regenerative effects on cells and matrix synthesis, PRP

comprehensively supports the sequential phases of wound

healing. During the initial inflammatory phase, PRP helps

resolve inflammation efficiently and promotes the formation

of granulation tissue. Subsequently, it actively drives the

proliferation and migration of key cells like fibroblasts,

endothelial cells, and keratinocytes. Finally, it supports the

remodeling phase by providing the necessary matrix

components and signals. This integrated action accelerates the

overall healing process and enhances the functional quality and

structural integrity of the regenerated tissue [48]. A schematic

overview of PRP’s cellular and molecular mechanisms is

presented in Figure 2.

The combination of surgical and
rehabilitative techniques with PRP therapy

The combination of surgical and rehabilitative techniques

with PRP therapy encompasses multiple temporal approaches,

each serving distinct therapeutic purposes. A recent

exploratory study in rabbits demonstrated that preoperative

PRP treatment of the implantation site significantly enhanced

fat graft survival, with decreased inflammation and fibrosis

and markedly improved angiogenesis compared to

control groups [49].

Building upon this preoperative foundation, the therapeutic

potential of PRP can be further maximized through its strategic

application during the surgical procedure itself. Intraoperative

PRP application refers to the planned incorporation of PRP as an

integral component of the surgical procedure. This approach is

FIGURE 2
The schematic presentation of PRP cellular and molecular therapy.
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typically applied during the final stages of surgery rather than

throughout the entire operation, representing a primary

therapeutic goal rather than an ancillary treatment. Surgeons

strategically apply platelet-rich plasma directly to the surgical site

or incorporate it into biological scaffolds immediately before

wound closure. This optimizes tissue integration and

regeneration through growth factors and bioactive substances

that stimulate neovascularization and extracellular matrix

production, ensuring maximum therapeutic benefit while the

surgical site remains accessible [50].

Postoperative PRP therapy involves administering PRP

injections into the surgical site during the recovery period to

accelerate tissue regeneration and enhance functional recovery.

This approach differs from intraoperative application as it occurs

days to weeks after the initial surgical procedure. Postoperative

PRP significantly accelerates tissue regeneration, reduces post-

FIGURE 3
Summary of factors affecting PRP therapeutic potential.
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TABLE 1 Therapeutic potential of PRP in peripheral nerve injury treatment.

PRP treatment Outcomes in PNI Species References

PRP PRP enhances locomotor recovery, spares white matter,
promotes angiogenesis and neuronal regeneration, and
modulates blood vessel size, leading to the recovery of spinal
cord injuries

Rat [15]

PRP Promoted the radial nerve in musculoskeletal disorders Human [20]

PRP-derived exosomes Promoted SC proliferation and dorsal root ganglion axon
growth
Increased the ability of MSCs to promote neural repair and
regeneration in patients with PNI.

Mouse [23, 24]

PRP gel +Collagen film Promoted facial nerve regeneration Rats [53]

PRP Recovered facial nerve injury followed by promoting vibrissae
movement, eyelid closure, and electrophysiological function

Rat [54]

PRP gel +Collagen/Chitosan composite film Promoted the proliferation of SC, nerve regeneration and
functional recovery in rats with sciatic nerve injury

Rat [55]

PRP+ Low-dose ultrashort wave therapy Improve sciatic nerve crush injury regeneration and recovery Rabbit [30]

PRP Promoted nerve regeneration through improvement of
angiogenesis and intracellular ubiquitin levels by regulating
ITGB8, ribosomal protein S27a (RSP27a) and ubiquilin 1
(UBQLN1)

Rabbit [56]

PRP + gelatin methacrylate and sodium alginate hydrogel Enhances growth factors VEGF-A and PDGF-followed by
promotion of the migration of SC and the neovascularization
of endothelial cells to prevent sciatic nerve defects and facilitate
the repairing of peripheral nerve

Rat [57]

Platelet-rich fibrin The axon regeneration of the sciatic nerve and sensory
function was improved with nerve conduit filled with platelet-
rich fibrin Repair peripheral nerve defects

Mouse [58]

PRP-derived exosomes Promoted the nerve regeneration by enhancing the
proliferation, migration, and secretion of trophic factors by SC

Rat [59]

PRP Enhanced the proliferation, secretion and migration of SCs
and the regeneration of axons in the early stage as well as
VEGF expression and improved repairing of tibial nerve
defects

Rabbit [60]

Freeze-dried PRP Increased the expression of nerve growth factor and S100B
Induced neuro-regeneration and relieved chronic orofacial
pain

Rats [61]

PRP Treatment of recurrent laryngeal nerve injury
Regeneration
Promoted the proliferation and migration of SC

Rabbit [62]

Human umbilical cord blood+ PRP Improved the spinal cord injury regeneration Rat [63, 64]

PRP + chitin Facilitate the repairing of sciatic nerve defects Rat [65]

Platelet-rich fibrin Enhanced the sciatic nerve regeneration Rat [66]

PRP Enhanced the mature SC proliferation, and microenvironment
in the small gap and promote peripheral nerve regeneration

Rabbit [67]

PRP+ adipose tissue–derived stem cells Improve recovering of sciatic nerve repairing and prevent its
defects

Rat [68]

PRP+ adipose tissue–derived stem cells Enhanced the spinal cord injury recovery and improved of
repairing central nervous system

Rat [69]

PRP + Citicoline Improved sciatic nerve injury following recovery of peripheral
nerve injury

Rat [70]

(Continued on following page)
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surgical inflammation, and promotes optimal wound healing

during the critical recovery phase. The therapy directly delivers

growth factors and cytokines to the surgical site through targeted

injections that promote angiogenesis, collagen deposition, and

cellular proliferation [51].

Integration with rehabilitation protocols represents an

advanced approach where PRP therapy is strategically

combined with physical therapy and rehabilitation

programs following surgical procedures. Physical therapists

can incorporate PRP injections as a complementary tool

within comprehensive rehabilitation programs to enhance

neuromuscular re-education, improve joint stability, and

accelerate tissue repair processes. This integrated approach

leverages PRP’s ability to enhance the healing of injured

tissues, reduce pain levels, and improve muscle strength.

The synergistic effect of combining biological enhancement

with mechanical stimulation ultimately enables a more

complete and expedited return to pre-injury functional

capacity [52].

Impact of PRP in peripheral nerve
injury recovery

The role of PRP in peripheral nerve injury recovery has been

summarized in Table 1. PRP represents a concentrated

autologous preparation derived from patient blood that

contains elevated concentrations of platelets and bioactive

growth factors essential for tissue regeneration. The

therapeutic mechanism underlying PRP’s efficacy centers on

its ability to secrete critical growth factors, including PDGF,

which promotes cellular proliferation; TGF-β, which modulates

inflammatory responses and stimulates tissue repair; and VEGF,

which promotes neovascularization to support regenerating

neural tissue. Given that PRP is autologous in nature, it

exhibits minimal risk of immunogenic reactions, establishing

it as a promising therapeutic modality for peripheral nerve injury

management [76].

Numerous preclinical and clinical studies across various

nerve types, including facial, sciatic, and median nerves, have

widely supported the positive effect of PRP on peripheral nerve

healing [30, 53, 55–57, 77–85]. In models of facial nerve injury,

experimental research showed that PRP can greatly enhance

therapeutic outcomes when combined with biocompatible

materials like chitosan, which serves as a structured scaffold

for controlled and sustained release of growth factors at the

injury site [53, 78]. Li et al. showed that PRP has neuroprotective

effects on traumatic facial nerve injuries, with notable recovery of

SC and significant axonal regeneration [54]. Likewise, studies on

sciatic nerve injury consistently indicate that autologous PRP

supports nerve regeneration by decreasing M1 macrophages and

altering the inflammatory environment [32, 79, 80, 86–89].

PRP has been shown to stimulate SC proliferation and

secretion while promoting angiogenesis and affecting

intracellular signaling pathways. Notably, PRP significantly

upregulated the expression of integrin subunit β-8 (ITGB8),

which plays a critical role in angiogenesis after nerve injury

[56]. When combined with biomaterial scaffolds such as

collagen/chitosan composite membranes or gelatin

methacrylate hydrogels, PRP has demonstrated enhanced

efficacy in promoting both functional and structural nerve

recovery [55, 81, 82].

In median nerve applications, particularly for carpal tunnel

syndrome treatment, PRP has shown superior outcomes

compared to corticosteroids in clinical trials, providing

significant pain relief and functional improvement [77, 83–85,

90–93]. Studies have demonstrated that ultrasound guided PRP

injections can provide effective treatment for up to 1 year post-

TABLE 1 (Continued) Therapeutic potential of PRP in peripheral nerve injury treatment.

PRP treatment Outcomes in PNI Species References

Leukocyte-platelet rich fibrin Suppressed proinflammatory cytokines followed by
prevention of peripheral nerve inflammation and injuries
Facilitated peripheral nerve regeneration

Rat [71]

PRP Induces nerve regeneration by promoting neurotrophic factors
and anti-inflammatory cytokines by calcium chloride
activation
Facilitated the recovery of spinal cord dorsal root repair

Rat [71]

PRP Improved regeneration and proliferation of SC Rabbit [72]

Platelet-rich fibrin Facilitated the regeneration of sciatic nerves and peripheral
nerve injury

Rat [73]

Platelet-rich fibrin Improved the regeneration of sciatic nerve
Showed positive effect on maxillofacial tissues regeneration

Rabbit [74]

PRP Promoted the healing of digital nerve crush injury
Decreased the neuropathic pain

Human [75]
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injection, with predictive factors including patient body weight,

distal motor latency, and median nerve cross-sectional

area [77, 85].

In recent years, progress in platelet research has

highlighted the significance of platelet-derived extracellular

vesicles (EVs), including exosomes, and their role in

facilitating intercellular communication [94]. A study

conducted by Yi et al. [59] isolated platelet-rich

plasma–derived exosomes (PRP-Exos) and found that they

markedly promoted SC proliferation, migration, and secretion

of trophic factors. Additionally, PRP-Exos induced notable

changes in both transcriptional and protein expression within

SCs, especially increasing the expression of genes crucial for

nerve repair. In a rat sciatic nerve crush model, the application

of ultrasound-targeted microbubble destruction (UTMD)

significantly improved the delivery of PRP-Exos to the

injury site, resulting in greater exosome accumulation

locally and enhanced regenerative and functional outcomes

compared to untreated controls [59].

Other studies have shown that PRP-Exos improve MSC

survival by reducing apoptosis, preserving stemness, and

delaying senescence. Pretreated MSCs (pExo-MSCs)

demonstrated better retention in vivo, resulting in enhanced

axonal regeneration, remyelination, and neurological recovery.

In vitro, they further encouraged SC proliferation and dorsal root

ganglion axonal extension, mainly through glial cell–derived

neurotrophic factor (GDNF) secretion and activation of the

PI3K/Akt pathway [24].

Similarly, Zhang et al. (2024) reported that PRP-Exo–treated

MSCs (MSĈPExo) enhanced SC proliferation and reduced

apoptosis after peripheral nerve injury (PNI). Conditioned

medium from MSCPExo (MSCPExo-CM) further stimulated SC

proliferation, migration, and angiogenesis. Proteomic analysis

of the MSCPExo secretome identified 440 proteins, many of which

showed strong pro-regenerative and angiogenic functions. ELISA

confirmed the enrichment of key trophic factors, and Western

blotting validated PI3K/Akt pathway activation. Collectively,

these findings highlight PRP-Exos as potent enhancers of

MSC paracrine activity and valuable modulators of

neural repair [23].

Factors affecting PRP therapy in
nerve repair

The factors affecting PRP effectiveness are detailed in Table 2

and depicted graphically in Figure 3 for enhanced clarity. The

technique used for preparation, the parameters of centrifugation,

and patient-specific characteristics such as age and health condition

can significantly influence the composition of PRP. Research

demonstrates that PRP efficacy decreases with increasing age,

with PRP derived from young donors (18–35 years) showing

significantly better therapeutic outcomes compared to PRP from

older donors (≥65 years) [124]. Studies show that growth factor

levels, including PDGF-BB, TGF-β1, IGF-1, and EGF, are

statistically higher in subjects younger than 25 years compared to

those aged 26 years or older [125]. Additionally, PRP derived from

women older than 45 years does not contain significantly higher

concentrations of bioactive components compared to younger

groups, suggesting that aging significantly affects the active

components of PRP [126]. At the cellular level, elderly patients

show decreased numbers of α-granules in platelets, which are the

main component releasing active substances, leading to decreased

platelet function [127]. Clinical evidence supports these laboratory

findings, with PRP therapy showing poor efficacy in elderly patients

(≥60 years) for conditions such as facial rejuvenation and Achilles

tendinitis treatment [124].

The therapeutic efficacy of PRP in peripheral nerve repair

demonstrates significant variability due to differences in

leukocyte content, growth factor concentrations, and platelet

density across various PRP formulations [128–130]. This

heterogeneity underscores the critical need for standardized

preparation protocols encompassing appropriate anticoagulant

selection, optimal centrifugation parameters, and consistent

extraction methodologies to ensure reproducible outcomes in

both research and clinical applications [131, 132]. Despite

encouraging results from preclinical investigations and early-

phase clinical trials, the current body of clinical evidence remains

insufficient to definitively establish PRP’s effectiveness in nerve

repair and regeneration. Existing studies frequently exhibit

methodological limitations, including inadequate sample sizes,

absence of appropriate control groups, heterogeneous patient

populations, and insufficient follow-up durations. Large-scale

randomized controlled trials employing standardized protocols

and extended observation periods are essential to establish the

safety profile, therapeutic efficacy, and optimal clinical

applications of PRP therapy in nerve regeneration [133].

Achieving adequate PRP distribution and tissue penetration

presents additional complexities, particularly in cases

involving scar tissue formation or deep-seated injuries.

Anatomical barriers, tissue density variations, and extracellular

matrix composition may impede PRP penetration into the

neuronal microenvironment, potentially limiting regenerative

efficacy. Advanced delivery systems incorporating carrier

matrices or bioengineered scaffolds may enhance PRP

distribution and retention at nerve injury sites [88]. While

PRP therapy generally demonstrates a favorable safety profile,

specific risks associated with nerve regeneration applications

include hypersensitivity reactions, iatrogenic nerve injury,

hematoma formation, and infection. Rigorous adherence to

sterile protocols, careful patient selection criteria, and

comprehensive adverse event monitoring are essential to

minimize these risks and ensure treatment safety [134].

Additionally, therapeutic accessibility remains constrained by

economic factors, particularly in regions where insurance

coverage or healthcare systems do not support the costs of
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PRP therapy. Geographic and institutional limitations further

compound healthcare disparities. Addressing these challenges

requires comprehensive strategies to reduce treatment costs,

expand reimbursement coverage, and improve therapeutic

accessibility to ensure equitable patient access to this

potentially beneficial regenerative approach [110].

Conclusion

The exploration of PRP as a treatment target for PNIs has

shown significant promise, especially when PRP is obtained

through plasmapheresis. This review emphasizes the positive

outcomes seen in both clinical and preclinical studies, where PRP

treatment has been linked to better nerve regeneration, improved

sensory and motor functions, and less pain. Preclinical studies

have provided valuable insights into how PRP promotes nerve

repair, including encouraging axonal growth and reducing scar

formation. Despite these promising results, several obstacles

remain when turning preclinical findings into clinical practice.

These include species-specific differences and the need for

thorough clinical evaluations to confirm safety and effectiveness

in humans. Standardizing PRP preparation methods and

optimizing treatment timing are essential steps to improve the

consistency and reliability of PRP therapy outcomes. Future

research should aim to better understand the molecular

TABLE 2 Factors affecting the efficacy of PRP.

Parameters affecting PRP
efficacy

Biological outcomes of PRP References

Concentration of platelet The platelets concentration in PRP can vary depending on how it is prepared, and the equipment used.
Higher platelet concentrations are generally associated with better outcomes, but there is an optimal range,
and too high concentrations may not be beneficial

[95, 96]

Contents of leukocyte PRP can be categorized as either leukocyte-rich or leukocyte-poor, depending on whether leukocytes are
present or absent. The amount of leukocytes present can impact the inflammatory response and the healing
of tissues

[97–100]

Method of activation for PRP PRP can be activated through different methods, including thrombin, calcium chloride, or exposure to
collagen. This activation subsequently triggers the release of growth factors from platelets, thereby
influencing the regenerative properties of PRP.

[101–104]

Buffy coat removal The method used to separate the buffy coat from whole blood during PRP preparation determines the purity
and composition of PRP.

[105, 106]

Time and speed utilized for centrifugation The separation of blood components and the final composition of PRP are determined by the speed and
duration of centrifugation. It is crucial to use optimal centrifugation parameters to obtain PRP with the
desired properties

[107–109]

Types of anticoagulants Anticoagulants like citrate or heparin are utilized to prevent clotting while collecting blood. The selection of
anticoagulant can impact the activation of platelets and the stability of PRP.

[43, 106, 110]

Injectable formulation PRP can be administered in either liquid or gel form, depending on the specific clinical application. The
injectable form chosen has a significant impact on the ease of administration and how PRP is distributed
within the tissues

[111–114]

Composition of growth factor The concentration and composition of growth factors, such as TGF-β, PDGF, and VEGF, can vary among
different PRP preparations. The specific growth factors released by the platelets and their concentrations play
a critical role in the regenerative and healing processes

[115–117]

Injected PRP volume The distribution, diffusion, and therapeutic effects of PRP in the target tissue can be influenced by the volume
injected

[70, 107]

Factors specific to the patient The response to PRP treatment can be affected by various factors, including age, sex, underlying health
conditions, and medications

[118–120]

Clinical hallmarks The choice of PRP preparation and administration protocol is influenced by the specific condition being
treated, such as tendonitis, osteoarthritis, or wound healing, as well as the targeted tissue
PRP therapy may be more effective for certain types of tissues, such as tendons, ligaments, and cartilage,
compared to others. Additionally, mild to moderate injuries tend to respond better to PRP than severe or
chronic conditions. Furthermore, areas with a good blood supply may exhibit enhanced healing with the use
of PRP therapy

[18, 34, 121]

Content of fibrin Fibrin, present in PRP, plays a crucial role in both clot formation and tissue healing. Certain classification
systems differentiate PRP preparations based on their fibrin content, categorizing them as either fibrin-rich
or fibrin-poor, according to their clotting characteristics and regenerative capabilities

[43, 122]

Contamination of red blood cells Contamination of red blood cells (RBCs) in PRP can significantly impact the quality and efficacy of PRP in
various therapeutic applications

[41, 123]
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mechanisms behind PRP’s therapeutic effects, refine treatment

protocols, and expand its clinical use. By tackling these challenges

and integrating insights from both human and animal studies, the

full potential of PRP as a strong option for nerve regeneration and

functional recovery in patients with PNI can be achieved.
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Abstract

Nonerythroid spectrins are proteins important in maintaining the structural

integrity and flexibility of the cell and nuclear membranes and are essential for a

number of functionally important cellular processes. One of these proteins,

nonerythroid α spectrin (αSpII), plays a critical role in DNA repair, specifically

repair of DNA interstrand crosslinks (ICLs), where it acts as a scaffold, recruiting

repair proteins to sites of damage. Loss or breakdown of αSpII is an important

factor in a number of disorders. One of these is Fanconi anemia (FA), a genetic

disorder characterized by bone marrow failure, chromosome instability, cancer

predisposition, congenital abnormalities and a defect in DNA ICL repair.

Significantly, breakdown of αSpII occurs in cells from a number of FA

complementation groups, due to excessive cleavage by the protease, μ-

calpain, leading to defective repair of DNA ICLs in telomeric and non-

telomeric DNA. Knockdown of μ-calpain in FA cells by μ-calpain siRNA

results in restoration of αSpII levels to normal and repair of DNA ICLs in

telomeric and non-telomeric DNA, demonstrating the importance of αSpII
stability in the repair process. It is hypothesized that there is a mechanistic

link between excessive cleavage of αSpII by μ-calpain and defective DNA ICL

repair in FA and that FA proteins, which are deficient in FA, play a key role in

maintaining the stability of αSpII and preventing its cleavage by μ-calpain. All of

these events are proposed to be important key factors involved in the

pathophysiology of FA and suggest new avenues for potential therapeutic

intervention.
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Impact statement

In the nucleus, the structural protein nonerythroid α spectrin
(αSpII) plays a central role in repair of DNA interstrand

crosslinks (ICLs). Significantly, there is a deficiency in αSpII
in the genetic, bone marrow failure disorder, Fanconi anemia

(FA), which is characterized by a defect in DNA ICL repair. This

is due to excessive cleavage of αSpII by the protease, µ-calpain.

Importantly, knockdown of µ-calpain, by siRNA, reverses

cleavage of αSpII, restores its levels to normal and enables

repair of DNA ICLs in FA cells. FA thus represents another

disorder in which excessive cleavage of αSpII by µ-calpain

correlates with a major characteristic, in this case defective

DNA ICL repair. It demonstrates the importance of αSpII for
the DNA ICL repair process. FA proteins are proposed to play a

major role in regulating cleavage of αSpII by µ-calpain thus

giving them another critical role in DNA repair.

Introduction

Cytoskeletal and nucleoskeletal proteins are critical for

maintaining the structure, function and mechanical properties

of eukaryotic cells [1–11]. Of particular importance is spectrin,

found in both erythroid and nonerythroid cells [12–19]. Spectrin

was first identified in erythrocytes and shown to be essential for

cell membrane structure, integrity, and flexibility [14, 15, 18,

20–24]. Spectrin also plays a critical role in non-erythroid cells in

both the cytoplasm and nucleus and is involved in maintaining

the shape, flexibility and elasticity of both the cell and nuclear

membranes and is essential for a number of functionally

important cytoplasmic and nuclear processes, as well as for

mechanical coupling between the nucleus and the cytoplasm

[7, 10, 13–17, 25–39]. Total loss of spectrin can lead to cell death

[33, 36, 38, 40]. Nonerythroid spectrin has two subunits, αSpII
and βSpII [14–17, 34, 35]. Of considerable interest, nuclear αSpII
has been shown to directly interact with DNA and play a critical

role in DNA repair and in the maintenance of the stability of

chromosomes and telomeres after DNA damage [12, 13, 38,

41–46]. It acts as a scaffold and aids in recruitment of repair

proteins to sites of damage in both telomeric and non-telomeric

DNA [42–49].

Loss or breakdown of spectrin in cells leads to a deficiency in

these processes and is clinically manifested in a number of

disorders, one of which is the genetic disorder, Fanconi

anemia (FA) [13, 38, 44, 48, 50]. FA is characterized by bone

marrow failure, a marked propensity to develop cancer,

multisystemic congenital abnormalities, chromosomal

instability and a defect in ability to repair DNA interstrand

cross-links (ICLs) [51–69]. Lambert et. al. have shown a

deficiency in αSpII in cells from FA patients from a number

of FA complementation groups [12, 13, 44, 48]. This deficiency is

due to the excessive activity of the protease, µ-calpain, which

cleaves αSpII leading to its breakdown [69, 70]. The breakdown

of αSpII correlates with a defect in DNA ICL repair in FA cells in

both nontelomeric and telomeric DNA and to chromosome

instability [46, 69]. These studies have demonstrated that

maintaining the stability of αSpII in the cell is critical for a

number of important nuclear and cellular processes and for

circumventing telomere dysfunction after DNA ICL damage

[46, 69]. Lambert et al. have proposed that excessive cleavage

of αSpII by μ-calpain is an important factor in the pathogenesis of

FA and a number of the clinical characteristics of this disorder

[13, 50, 69].

This review will concentrate on the function of αSpII in the

nucleus with emphasis on its interaction with non-telomeric and

telomeric DNA, especially after DNA ICL damage, the

importance of maintaining the stability of αSpII and

preventing its breakdown by μ-calpain, and the role of FA

proteins in this process. The consequences of a loss or

deficiency in αSpII on DNA repair, telomere integrity/

function and chromosome stability after DNA damage,

particularly in FA, will be discussed.

Overview of spectrin structure

αSpII is a long flexible protein which contains a modular

structure composed of an extended array of triple α-helical
repeats connected by short a-helical linker [14–17, 21, 27,

71–73]. This structure aids in its flexibility and ability to

expand and contract [14, 25, 71–73]. Nonerythroid spectrin

has two subunits, αSpII and βSpII. There is one alpha spectrin

gene and four beta spectrin genes [14–17]. There are a number of

different spectrin isoforms which originate by extensive mRNA

splicing from these genes [14, 27]. In all of these, αSpII and βSpII
associate in an antiparallel fashion to form a heterodimer

[14–17]. αSpII consists of 21 triple helical repeats and βSpII
contains 17 repeats [14–17]. Two heterodimers can link head to

head to form a tetramer [14–17]. Nonerythroid spectrin (αSpII/
βSpII) is comprised of numerous domains. αSpII contains an EF

hand’s domain on repeat 21, which is a site of Ca2+ binding and

signaling (Figure 1) [14–17]. It contains a Src-homology 3 (SH3)

domain in repeat 10, which plays an important role in

proteinprotein interactions and is involved in signal

transduction and intracellular signaling (Figure 1) [14–17, 74,

78–81]. The SH3 domain has a binding site for a kinase, c-Src,

lowmolecular weight phosphotyrosine phosphatase (LMW-PTP)

and FANCG, a Fanconi anemia (FA) protein. αSpII has a site of
cleavage by the protease, calpain, in repeat 11 between residues

Y1176 and G1177. [75, 76] There is a caspase cleavage site at residue

Asp1185, which is activated during apoptosis [82]. αSpII also has
a calmodulin binding domain in repeat 11, which can modulate

spectrin cleavage by µ-calpain and caspase [83, 84]. Proteolytic

cleavage of αSpII by µ-calpain leads to its decreased stability and

loss of function, which makes regulation of µ-calpain cleavage of
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αSpII critical for maintaining normal cell and nuclear

functioning [74, 76, 78]. There is also a ubiquitination site in

repeat 21 and a suggested E2/E3-ubiquitin-conjugating/ligating

site in repeat 20 [14, 26]. βSpII has an actin-binding domain on

repeat 1, and a pleckstrin homology domain on repeat 7, which is

involved in cell signaling, organization of the cytoskeleton, and

aiding in the localization of βSpII to the plasma membrane

[14–17]. αSpII and βSpII assemble laterally to form

heterodimers that assemble into tetramers [14–17]. The

tertiary structure of the spectrin repeat imparts elasticity to

the protein [14–17, 21, 27, 71–73]. The structural

characteristics of αSpII/βSpII enable it to interact with a

number of different cellular proteins and participate in a

number of important physiological pathways in the cell in

both the nucleus and the cytoplasm. Numerous reviews are

available with a moredetailed description of spectrin structure

[14–17, 20, 24–27, 71–73].

Spectrin and its role in the cytoplasm

Spectrin is a multifunctional protein, as is evidenced by the

numerous proteins which interact with both αSpII and βSpII.
Goodman and colleagues have created the Spectrinome using

Human Proteome, Human Reactome and Human Atlas data

which clearly demonstrates the multitude of cellular pathways

and functions in which spectrin is involved in the cytoplasm, the

nucleus and the cell surface [14]. Since spectrin’s numerous

interacting protein partners demonstrate the multitude of roles

spectrin plays in the cell, it is important to more fully

understand these interactions and their impact on cellular function.

One of the best known and critical roles of αSpII/βSpII is
providing structural integrity for cell membranes [14, 19, 85, 86].

It acts as a scaffold interacting with ankyrin, actin and other

cytoskeletal proteins to form a network crucial for maintaining

mechanical support, shape, flexibility and elasticity to the cell

membrane [17, 24, 85–89]. αSpII is involved in cell movement

and adhesion via interactions with proteins involved in actin

dynamics (Figure 2) [31–33, 89]. αSpII plays a role in actin

filament reorganization which is critical for a number of

processes such as lamellipodia extension and immunological

synapse formation between T-cells and antigen-presenting

cells [27, 32, 33, 89]. The SH3 domain of αSpII has been

shown to bind to proteins involved in actin polymerization

and reorganization and plays a crucial role in this process

during cell-cell contact, cell adhesion, cell spreading and

migration [29, 33, 89–91]. Spectrin interacts with proteins

involved in intracellular traffic. It is involved in vesicle and

organelle mediated transport [14, 92]. In neurons, αSpII/βSpII
and αSpII/βSpIII have an essential role in synaptic vesicle

trafficking and synaptic transmission [14, 16, 93]. βSpIII
associates with the microtubule motor proteins, kinesin and

dynein, and is involved in anterograde and retrograde

transport of cargo in axons [14, 94–96]. αSpII and βSpII
associate with synaptic vesicles via synapsin I and are critical

for this process [14, 28, 29, 97]. αSpII and βSpII have been

identified associated with melanosomes in human melanocytes

and are thought to be involved in melanosome transport in these

cells [98]. Goodman et al have also shown that erythroid spectrin

has E2/E3 chimeric ubiquitin conjugating and ligating activity

and is capable of ubiquitinating not only alpha spectrin but also

ankyrin, band 3, and protein 4.1 [14, 26, 99, 100]. Goodman et al.

FIGURE 1
The structure and domains of human non-erythroid alpha spectrin (αSpII). αSpII is composed of 21 triple helical repeats. Repeat 10 contains a
Src-homology 3 (SH3) domain which is a site of protein-protein interactions. Three proteins targeting this site are: c-src, a kinase; low molecular
weight phosphotyrosine phosphatase (PTP); and FANCG. Repeat 11 has a site of cleavage by the protease, μ-calpain, and also contains a binding
domain for calmodulin. There is a suggested E2/E3 ubiquitin protein conjugating/ligating site (E2/E3) in repeat 20 and a ubiquitination site (Ub)
in repeat 21. At the C-terminus of αSpII are two ER-hand domains which bind calcium. Domains 20 and 21 mediate the dimerization of αSpII at its
C-terminus with the N-terminus of βSpII. This structure of αSpII is based on studies and models of a number of investigators. [14–17, 25, 74–77].
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have proposed that αSpII has similar E2/E3 ubiquitinating

activity in the cytoplasm and the nucleus in non-erythroid

cells [14, 26, 99, 100]. This activity is very important for

protein-protein interactions and the role they play in normal

physiological processes in the cell. Thus, αSpII along with βSpII
are components of a spectrin scaffold which is critical for a large

number of physiological processes in the cytoplasm.

Spectrin and its structural role in
the nucleus

Just as interactions of spectrin with specific proteins in the

cytoplasm are critical for cellular function, its interactions with both

proteins and DNA in the nucleus is critical for nuclear function.

Within the nucleus, nonerythroid spectrin is a component of a

nucleoskeletal network which plays an essential role in maintaining

the structural integrity and elasticity of the nucleus as well as in

repair of damage to both nontelomeric and telomeric DNA

(Figure 2) [7, 10, 15–17, 27, 37, 46, 50, 101]. Both αSpII and two

isoforms of β-spectrin (βSpII and βSpIV∑5) have been identified in

the nucleus [12, 13, 38, 39]. Studies have shown that αSpII is present
in the peripheral nucleoskeleton, where it interacts with lamins A

and B, actin, and nuclear myosin and is anchored to the nuclear

envelope by emerin and protein 4.1 [7, 8, 10, 13, 37, 41, 50, 102]. It

makes an important contribution to the biomechanical properties of

these nucleoskeleton proteins and to nuclear envelope support

[7, 10, 37, 102]. It forms a complex with lamins A and B, actin,

nuclear myosin, and the LINC complex protein, SUN2, and plays an

important role in coupling the nucleoskeleton to the cytoskeleton [7,

10, 13, 37, 41]. αSpII is also associated with the inner nucleoskeleton
where it interacts with DNA repair proteins, chromatin remodeling

proteins and proteins involved in transcription and RNA processing

[6–8, 13, 41, 42].

The cortical network αSpII forms with lamin and actin at the

nuclear envelop plays a role in maintaining the elasticity and

structural integrity of the nucleus (Figure 2) [7, 10, 15, 17, 27, 37].

Knock-down of αSpII in HeLa cells to levels that are

approximately 50% of those found in control cells leads to a

decrease in ability of the nucleus to recover from compression

[37]. This has been attributed to loss of membrane elasticity due

to decreased αSpII [37]. αSpII’s modular structure of triple alpha-

helical repeats makes an important contribution to the structural

stability, elasticity andmechanical resilience of the nucleus and to

its ability to recover from compression [37].

Thus, αSpII is an important scaffolding protein which

represents 2–3% of the total protein in eukaryotic cells [14]. It

has a myriad of functions and any defects or deficiencies in this

protein would be central to pathological changes occurring in the

cell structure and function (Figure 2). Therefore, maintaining

αSpII stability is critical for normal cell functioning. Excessive

cleavage of αSpII can upset normal cellular homeostasis and

result in various human disease states and disorders. These

points will be discussed below.

FIGURE 2
Roles for αSpII in the nucleus and cytoplasm. αSpII is involved in multiple functions in both the nucleus and cytoplasm of human non-erythroid
cells and thus has an important impact on a number of different cellular pathways.
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αII spectrin plays a critical role in DNA
repair in the nucleus

In addition to its structural role in the nucleus, αSpII has been
shown to have an essential function in the nucleus in repair of

DNA damage. Lambert and colleagues have demonstrated that in

human cells αSpII plays a critical role in repair of DNA

interstrand cross-links (ICLs) in both non-telomeric and

telomeric DNA and is needed for chromosomal stability after

DNA damage [13, 42–49, 69]. There are numerous lines of

evidence which demonstrate the important role of αSpII in

DNA repair: (1) αSpII binds directly to DNA at sites of ICLs;

(2) αSpII recruits repair proteins to these sites; (3) αSpII is needed
for production of incisions produced by the endonuclease XPF-

ERCC1 at sites of ICLs; and (4) αSpII is critical for repair of

telomeric DNA and telomere integrity after DNA ICL damage

[42–46, 69]. Thus, αSpII is important in DNA repair processes in

the nucleus and maintenance of telomere integrity after DNA

damage. These points will be discussed below.

αSpII localizes to sites of DNA ICLs and
binds directly to DNA at these sites

Lambert et al. have demonstrated that αSpII from HeLa cell

nuclei, as well as purified bovine brain αSpII, bind directly to a DNA
substrate containing a 4,5′8-trimethylpsoralen (TMP) plus UVA

light induced ICL [42]. Based on the crystal structure of αSpIl, it has
been proposed that it binds to the minor groove of DNA which

opens up after ICL formation [42]. αSpII’s binding to the damaged

DNA is specific for the ICL; it does not bind to DNA containing a

TMP monoadduct [42]. In HeLa and human lymphoblastoid cells

damaged with a DNA ICL agent, 8-methoxysporalen (8-MOP) plus

UVA light or mitomycin C (MMC), αSpII localizes in damage

induced nuclear foci which are sites of DNA ICLs [42–46, 49, 69].

These studies provide strong evidence that αSpII plays a role in the

damage recognition steps of the DNA ICL repair process.

αSpII is needed for recruitment of XPF-
ERCC1 and repair proteins to sites of ICLs
and production of incisions at these sites

αSpII colocalizes in damaged-induced nuclear foci with proteins

involved in DNA ICL repair. These include FANCA, FANCF,

FANCG, and XPF-ERCC1 [42–46, 69]. XPF-ERCC1 is involved

in the unhooking of the ICL and production of endonucleolytic

incisions at the site of the ICL [48, 103–106]. Lambert and colleagues

demonstrated that, after normal human lymphoblastoid cells or

HeLa cells are damaged with a DNA ICL agent, αSpII colocalizes
with XPF at damage-induced nuclear foci [43, 46, 69]. Time course

studies have shown that αSpII co-localizes with XPF at the same

nuclear foci, with foci first appearing 10 h after ICL damage with 8-

MOP plus UVA light or MMC (Figure 3) [13, 43]. Foci peak at 16h

and disappear by 24h when ICLs are no longer present [13, 43]. The

same time course and co-localization observed with αSpII and XPF

was also observed with the repair proteins FANCA and FANCF [13,

43]. This indicates that both αSpII and XPF are involved in the same

events in DNA ICL repair and suggests that FANCA and FANCF

may also play a role.

Additional evidence that αSpII is critical for recruitment of XPF

and these repair proteins to sites of ICLs has been demonstrated by

immunofluorescence studies inwhich αSpII has been knocked down
by siRNA [45, 46]. Since αSpII is an essential protein for cell survival,
total loss of this protein results in cell death [14, 107, 108]. Cells

survive, however, when levels are reduced to 35–40% of normal [45,

46]. Reduction of αSpII to these levels followed by damaging DNA

with an ICL agent has been shown to result in decreased formation

of damage-specific αSpII foci in these cells and loss of localization of
XPF to the sites of damage [45]. FA proteins are present in these cells

and FANCA and FANCF also localize to the sites of damage with

XPF [45]. Thus, αSpII is needed for the recruitment and localization

of XPF as well as FANCA and FANCF to sites of DNA ICLs

indicating their involvement in ICL repair. Corroborating these

findings are studies which have shown that inhibition of expression

of the αSpII gene, SPTAN1, by miR-125-3p, leads to disruption of

localization of XPF and FANCA to mitomycin C induced foci after

treatment of lung cancer cells with this DNA interstrand cross-

linking agent [109]. This has been suggested as a novel pathway for

interrupting repair of DNA ICLs and enhancing the anticancer

function of DNA ICL agents [109].

Further support for the importance of αSpII for incisions

produced by XPF-ERCC1 is provided by studies which have

demonstrated that, on a DNA substrate containing a site-specific

tri-methylpsoralen (TMP) ICL, XPF-ERCC1 produces incisions

at the site of a DNA ICL [42]. Purified bovine αSpII enhances
these incisions but does not itself produce incisions at the site of

the ICL [42]. A purified monoclonal antibody against αSpII from
normal human lymphoblastoid cells inhibited these incisions [42,

48]. Thus the presence of αSpII is critical for the incisions

produced by XPF-ERCC1 at sites of ICLs. The studies

described above have led Lambert and colleagues to develop a

model in which αSpII acts as a scaffold to aid in recruitment of

repair proteins such as XPF-ERCC1 to sites of DNA ICLs; loss of

αSpII results in a deficiency in recruitment of XPF and decreased

incisions at sites of ICLs leading to a deficiency in

DNA repair [42].

The SH3 domain of αSpII is an important
site of recruitment for XPF-ERCC1 and
repair proteins to sites of DNA ICLs

An important question is by what mechanism does αSpII
recruit repair proteins to sites of ICLs? As mentioned above,

αSpII consists of 21 triple-helical repeats [14–17]. There is a Src-
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homology 3 (SH3) domain in the 10th repeat (Figure 1) [14–17,

78]. SH3 domains are modular domains which are important in

protein-protein interactions and protein network assembly [79,

110]. There are three major classes of protein ligands which bind

to SH3 domains, class I, class II and class I@ [74, 79–81]. The

SH3 domain of αSpII has a consensus sequence which

preferentially binds to class 1@ ligands [74]. A number of FA

proteins have consensus sequences that bind to SH3 domains and

have the potential to bind to cellular proteins containing these

domains [101]. Of particular interest, FANCG has a class1@

consensus sequence [101]. Lambert et al have carried out studies

using sitedirected mutagenesis and yeast two hybrid analysis and

have shown that FANCG binds directly to the SH3 domain of

αSpII via this consensus sequence [101]. FANCG also binds

directly to XPF-ERCC1 [101]. FANCG contains seven

tetratricopeptide repeat (TPR) motifs, which are motifs that

are involved in protein-protein interactions [111–114]. TPR

motifs 1, 2, 3, and 6 in FANCG bind directly to the central

domain of ERCC1 (residues 120–220) [115]. ERCC1 binds to

XPF by its C-terminal domain (residues 220–297) [116–118].

XPF in turn binds to ERCC1 through its C-terminal domain,

which differs from its nuclease domain, and produces incisions at

the sites of DNA ICLs [118, 119]. Thus the SH3 domain of αSpII
plays an important role in the ability of αSpII to recruit XPF-

ERCC1, via FANCG, to sites of ICLs, enabling it to create

incisions at the site of damage. Knocking down αSpII
eliminates its binding to sites of DNA ICLs and recruitment

of XPF-ERCC1 to these sites [45, 46]. This, in turn, results in

reduction in production of incisions on damaged DNA [45, 46].

Whether αSpII is involved in additional steps in the repair

process has not yet been determined.

Amodel for the role of αSpII in theDNA ICL
repair pathway

Repair of DNA ICLs can occur in both replicating and non-

replicating DNA [106, 120–125]. This repair process is particularly

important in S phase of the cell cycle whenDNA replication is stalled

at the site of an ICL. Stalled DNA replication forks can trigger DNA

ICL repair, thus making replication-coupled ICL repair extremely

critical for cell survival [106, 120–125]. Several models have been

proposed for repair of ICLs at stalled replication forks. Three of the

major pathways for replication-coupled ICL repair are: (1) The

Fanconi anemia pathway, which is triggered when two replication

forks converge on an ICL. This pathway involves a large number of

proteins and a complex series of steps resulting in production of

incisions in DNA and unhooking of the ICL; (2) TheNeil3 pathway,

inwhich ICLs are resolved by aDNAglycosylase and cleavage of one

of the two N-glycosyl bonds forming the ICL; and (3) The

acetaldehyde pathway, which denotes a mechanism for repair of

acetaldehyde-induced ICLs [106, 125]. In some instances unhooking

involves incision of the ICL via the FA pathway and in others the

ICL may undergo enzymatic reversal [106, 125].

Replication-coupled ICL repair has been extensively studied

in cells from patients with Fanconi anemia (FA) who are deficient

in ability to repair DNA interstrand crosslinks [57–61, 106, 123,

124]. FA is a genetic disorder, which, in addition to defective

FIGURE 3
Time course for appearance of αSpII, XPF, FANCD2, and γ-H2AX nuclear foci after damage of normal human cells with a DNA ICL agent. The
percentage of nuclei showing multiple αSpII, XPF, FANCD2, and γ-H2AX foci was determined at time points from 0 to 72 h after treatment with 8-
MOP plus UVA light. Nuclei containing four or more foci were counted as positive. αSpII foci co-localized with XPF foci and had a similar time course
after damage of cells with 8-MOP plus UVA light. These foci appeared after FANCD2 foci and had a different time course than the FANCD2 foci.
Error bars represent SEM. (Reproduced from Zhang et al., [49] with permission from John Wiley and Sons).
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DNA ICL repair, is characterized by bone marrow failure,

congenital abnormalities, chromosome instability and a

predisposition to develop a variety of cancers [51, 52, 57,

61–68]. There are 22 different FA genes (FANCA to

FANCW). Germline mutations in any one of these genes can

cause the disorder. The FANC proteins expressed by these genes

are all involved in replication-coupled DNA repair and the

pathway in which they are involved is known as the Fanconi

anemia (FA) pathway [57–61, 104, 126–131]. Since αSpII has
been shown to play a critical role in ICL repair during S phase of

the cell cycle, to directly interact with proteins in the FA pathway,

and to be important in the initial damage recognition and

incision steps of the ICL repair process, the involvement of

αSpII in this pathway will be described [13, 42–46].

FIGURE 4
A model for the role of αIISp in replication-coupled DNA ICL repair. When DNA replication is stalled at the site of an ICL and replication forks
converge, the CMG helicase complex on the leading strand stalls and is unloaded. FANCM recognizes the stalled replication fork and localizes to the
damaged DNA. The FANCM complex recruits the FA core complex. FANCD2 and FANCI localize to the site of damage at the stalled replication fork.
The core complex recruits UBE2T (FANCT), whichmonoubiquitinates FANCD2 and FANCI. αSpII subsequently binds toDNA at the site of the ICL
downstream of FANCD2-Ub and acts as a scaffold aiding in the recruitment of repair proteins to the site of damage. FANCG binds to the SH3 domain
of αSpII and XPF-ERCC1 is recruited and binds to FANCG-αSpII. XPF then produces incisions at the site of damage and is involved in the unhooking of
the ICL. SLX4/FANCP plays a role in this step. Translesion DNA synthesis then occurs by a translesion polymerase leading to bypassing the ICL. This is
followed by additional steps which include homologous recombination (HR) and adduct removal by nucleotide excision repair (NER). This model
emphasizes the role of αSpII in the initial damage-recognition and incision steps of the DNA ICL repair process. It is based on studies on the
interaction of αSpII with DNA containing ICLs, on the involvement of numerous proteins involved in the repair process and on other models for ICL
repair [42–44, 50, 57, 66, 104, 109, 127, 132–135]. (Modified from Lambert [50], with permission of Sage Publications Ltd.).
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The initial damage recognition step of the ICL repair

process is critical. In replication-coupled DNA ICL repair,

the site of damage is located at a stalled replication fork

[57–59, 66, 106, 121]. Lambert and colleagues have

proposed a model for the mechanism of action of αSpII in

ICL repair in the FA repair pathway (Figure 4) [13, 50]. It is

based on studies on the interaction of αSpII with DNA

containing ICLs and with proteins involved in the ICL

repair process and on previous models for ICL repair [13,

50, 57, 66, 106, 121, 124, 136]. Although αSpII is not a FANC

protein, it plays a critical role in this pathway [13, 50]. In this

pathway, replication forks converge at the site of an ICL and

the CDC45/MCM2-7/GINS (CMG) helicase complex on the

leading strand is unloaded [66, 106, 126, 130]. FANCM and a

group of interacting proteins recognize the stalled replication

fork and localize to the DNA [57, 66, 106, 125, 127, 131]. The

FANCM complex helps recruit the FA core complex (FANCA,

FANCB, FANCC, FANCE, FANCF, FANCG, FANCL,

FAAP20 and FAAP100), which has E3 ubiquitin ligase

activity [57, 66, 106, 125, 131]. FANCD2/FANCI localize at

the replication fork stalled at the site of the ICL [106,

136–139]. The core complex recruits a ubiquitinconjugating

enzyme, UBE2T (FANCT), which monoubiquitinates FANCI

and FANCD2 (the ID complex) (Figure 4). [106, 125,

136–139] αSpII subsequently binds to the site of an ICL on

DNA downstream of FANCD2 [18, 50].

After αSpII binds to the DNA, it aids in the recruitment of

XPF-ERCC1 to the site of the ICL via recruitment of FANCG

[18, 50]. As described above, FANCG directly binds to the

SH3 domain of αSpII via its class 1@ consequence sequence

and recruits XPFERCC1 [101]. The central domain of

ERCC1 binds to TPR motifs 1, 2, 3, and 6 in FANCG; the

C-terminal domain of XPF binds to ERCC1 [115–118]. XPF

then creates an incision at the site of the ICL leading to

unhooking of the ICL [57, 66, 103]. Another endonuclease,

SLX4/FANCP is also involved in the incision process and aids

in protein coordination [57, 66, 104, 128, 129]. Thus, αSpII
recognizes and binds to DNA at sites of ICLs and acts as a

scaffold in recruitment of XPF-ERCC1 via FANCG. It then

incises the DNA and is involved in the unhooking of the ICL.

SLX4/FANCP is recruited and also participates in this step

[104–106]. Other FA proteins could be involved in this repair

process as well.

After these events, DNA translesion synthesis takes place and

the lesion is bypassed by a translesion DNA polymerase [58, 66,

106, 124, 125]. This is followed by homologous recombination

and adduct removal by NER [58, 66, 106, 124, 125]. A large

number of FA proteins take part in these steps. These stages in

the repair process, which involve DNA translesion synthesis,

homologous recombination and NER are discussed in detail in

numerous reviews and will not be elaborated upon here [57–61,

66, 106, 124–126]. The reader is directed to these reviews. Since

the role of αSpII in ICL repair is mainly in the initial damage

recognition and incision steps of the repair pathway, these are the

components of the FA pathway that have been emphasized here.

The exact relationship between αSpII and FANCD2 in this

repair process is not clear. Time course experiments show that

αSpII binds to the damaged DNA after FANCD2 (Figure 4) [49].

It does not colocalize with monoubiquitinated FANCD2

(FANCD2Ub) in nuclear foci nor is it required for

monoubiquitination of FANCD2 after ICL damage or for its

localization to sites of damage [49]. Monoubiquitination of

FANCD2 is not required for binding of αSpII to damaged

DNA [49]. The time course for localization of FANCD2 to

nuclear foci after ICL damage is different than that of αSpII
(Figure 3) [49]. FANCD2 foci first appear 2 h after ICL damage,

increase up until 16 h, remain fairly stable until 24 h and are still

present at 72 h (Figure 3) [49]. In contrast, αSpII foci first appear
10 h after DNA ICL formation, peak at 16 h and disappear by

24 h [49]. Thus, FANCD2-Ub associates in foci with damaged

DNA before αSpII foci appear and is still present when αSpII foci
are gone [49]. The time course of FANCD2 foci corresponds to

that of formation of ɣH2AX (phosphorylated histone H2A) foci

which localize to sites of DNA double strand breaks (Figure 3)

[49]. Both FANCD2 and ɣH2AX foci are present 72 h after

damage, which could indicate additional involvement of

FANCD2 in later stages in the ICL repair process as has been

proposed [49, 50, 136]. The relationship between αSpII and

ubiquitinated FANCD2 needs to be further explored.

In human cells, αSpII is also needed for the localization of

FANCA and FANCF to sites of ICL damage [43]. FANCA and

FANCF do not localize to nuclear foci after ICL damage if αSpII
has been knocked down by siRNA [45]. Whether this

colocalization of FANCA and FANCF with αSpII and XPF at

damage sites is a component of the recruitment of the FA core

complex to sites of DNA damage or is a component of the steps

involved in the unhooking of the DNA ICL is not clear and needs

to be further investigated.

Importance of μ-calpain and FA
proteins in the regulation of cleavage
of αSpII in FA cells

The importance of αSpII stability in DNA repair is seen in

cells from patients with Fanconi anemia (FA) which, as

mentioned above, are defective in ability to repair DNA

ICLs [43–48, 51–61]. Of significance, Lambert et. al. have

shown that there is a deficiency in αSpII in cells from patients

from a number of FA complementation groups [12, 13, 45,

69]. Levels of αSpII are 35–40% of those found in normal

human cells [12, 13, 45]. This deficiency correlates with

reduced levels of repair of DNA ICLs in FA cells which are

35–45% of normal [45, 47, 48]. Levels of DNA repair after

DNA ICL damage were determined in FA-A, FA-C, FA-D2,

FA-F and FA-G cells by measurement of unscheduled DNA
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synthesis (UDS), which measures uptake of nucleotides into

DNA repair patches [47].

An important question is, what is the cause of the reduced

levels of αSpII in FA cells? Lambert et al have shown that this is

not due to reduced expression of αSpII, since FA cells express

normal levels of αSpII mRNA [70]. They have demonstrated that

it is due to increased cleavage of αSpII as a result of excessive

activity of the protease, μcalpain, which cleaves αSpII [69]. They
have proposed that FA proteins play a critical role in regulation of

μ-calpain cleavage of αSpII and that reduced levels of FA proteins

in FA cells leads to increased μ-calpain activity and increased

cleavage of αSpII [50, 69]. Thus, both increased μ-calpain activity

and reduced levels of FA proteins are proposed to play a critical

role in the breakdown of αSpII that occurs in FA cells and the

reduction in DNA repair. These points and their significance will

be discussed below.

Excessive μ-calpain activity in FA cells
leads to increased cleavage of αSpII and
decreased DNA ICL repair

Within the cell, αSpII is susceptible to cleavage by the

protease, μ-calpain [75, 132–134]. αSpII is cleaved by μ-

calpain at a single site, Y1176-G1177, which is adjacent to the

SH3 domain of αSpII (Figure 5) [75, 76]. Proteolysis of αSpII by
μ-calpain leads to destabilization of the spectrin scaffold and the

physiological processes and pathways it regulates [24, 27, 33, 75,

FIGURE 5
A proposed model for the role of FA proteins in maintenance of stability of αSpII in cells and regulation of its cleavage by µ-calpain. FANCG is
used as an example of a FA protein in this process. A segment of αSpII containing repeats 8–11 is represented. (A) In normal human cells, an
equilibrium exists between low molecular weight phosphotyrosine phosphatase (PTP), FANCG, and c-Src for binding to the SH3 domain of αSpII in
repeat 10. When c-Src binds to the SH3 domain of αSpII, it phosphorylates Tyr1176 (Y1176) at the adjacent µ-calpain cleavage site. This prevents
the ability of µ-calpain to cleave αSpII at its cleavage site. When FANCG binds to the SH3 domain, it prevents PTP binding at this site and μ-calpain
cleavage of αSpII. FANCG could also bind to µ-calpain and inhibit its ability to cleave αSpII at this site. In both instances, the inability of µ-calpain to
cleave αSpII would enhance the stability of αSpII in the cell. (B) In FA cells (FA-G cells for example), a functional FANCG protein is absent and not
available for binding to the SH3 domain of αIISp or to µ-calpain. There would be a greater probability that PTP would bind to the SH3 domain. This
would lead to the dephosphorylation of Y1176 and allow µ-calpain to cleave αSpII at its cleavage site. FANCG would also not be present to bind to
µ-calpain and inhibit its activity. Thus, as is found in FA-G cells, there would be greater cleavage of αIISp. Similar events could occur in different FA
complementation groups (e.g., FA-A). (Modified from Zhang et al., [69] with permission from the American Chemical Society).
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76, 89]. Susceptibility of αSpII to proteolytic cleavage is

controlled by phosphorylation/dephosphorylation of residue

Y1176 in μ-calpain’s cleavage site [75, 76]. When residue

Y1176 is phosphorylated by c-Src, a kinase that binds to the

SH3 domain of αSpII, μ-calpain cannot cleave αSpII at its

cleavage site [75, 76]. Binding of low-molecular weight

phosphotyrosine phosphatase (LMW-PTP) to the SH3 domain

of αSpII leads to dephosphorylation of Y1176 and allows μ-

calpain to cleave αSpII at this site (Figure 5) [33, 75]. Thus,

inhibiting the binding of LMW-PTP to the SH3 domain of αSpII
and the subsequent dephosphorylation of Y1176 is important in

preventing cleavage of αSpII by μ-calpain. In normal

physiological processes, a balance is reached between

activation of μ-calpain and substrate-level regulation of αSpII
cleavage [75, 76, 135]. This balance depends on maintaining an

equilibrium between binding of c-Src and LMW- PTP to the

SH3 domain of αSpII, phosphorylation/dephosphorylation of the
Y1176 residue and the accessibility of the μ-calpain cleavage site

to cleavage by μ-calpain [75, 76].

In FA cells, Lambert et al have shown that in a number of

complementation groups (FA-A, FA-C, FA-D2, FA-F, and FA-

G) μ-calpain activity is 3-4 fold greater than it is in normal cells

(Figure 6) [69]. This is not due to an increase in protein levels of

μ-calpain, which are similar to those in normal cells, but to the

significantly increased activity of μ-calpain [69]. The excessive

activation of μ-calpain activity in FA cells is demonstrated by the

presence of the characteristic 150 kDa break-down product of

αSpII which is produced by μ-calpain proteolytic cleavage of

αSpII [69, 132, 140, 141]. This break-down product is relatively

stable and widely used as a measure of μ-calpain cleavage of αSpII
[141]. The increase in μ-calpain activity in FA cells correlates

with decreased levels of αSpII, which are approximately 35–40%

of those found in normal cells [13, 38, 44]. That FA proteins play

an important role in modulating the levels of µ-calpain activity

found in normal cells is demonstrated by the finding that

restoring levels of FA proteins in FA cells to those found in

normal cells by transfection of FA cells with a retroviral vector

expressing the appropriate FANC cDNA leads to reduction of

µ-calpain activity to normal levels (Figure 6) [69].

Evidence that αSpII cleavage in FA cells is due to increased μ-

calpain activity is demonstrated by studies which show that in

FA-A cells after knockdown of μ-calpain by siRNA and damage

withMMC or 8-MOP plus UVA light, αSpII levels are restored to
normal and damage-induced αSpII nuclear foci are observed

(Figure 7) [13, 38, 44, 69]. XPF co-localizes with SpII in these foci

just as it does in normal cells [69]. This is indicative of DNA ICL

repair. In addition, there is a decrease in the chromosomal

abnormalities (chromatid beaks, inter chromatid exchanges,

chromatid fusions and radial formations) observed in FA cells

after DNA ICL damage [69]. Thus, there is strong evidence that

increased cleavage of αSpII in FA cells is due to excessive

activation of μ-calpain in these cells.

Of particular interest, excessive activation of calpain activity

also occurs in a number of neurodegenerative diseases and has

been proposed to contribute to the neuropathology of many of

these disorders [135]. This excessive activation correlates with a

loss of SpII and has been proposed to be associated with the

clinical manifestations of these disorders [132, 135, 140, 141].

Excessive activation of calpain and is also found in cancer

development [132, 135, 140, 141]. FA may be another

example of a disorder in which αSpII breakdown by excessive

calpain activity plays an important role in the pathological

manifestations of the disorder. This will be discussed in a

later section.

FA proteins play a critical role in reducing
cleavage and maintaining the stability of
αSpII in cells

FA proteins are proposed to play a critical role in

maintenance of αSpII stability and regulation of its cleavage in

the cell [13, 50, 69]. In support of this, in corrected FA cells (FA-

A, FA-C, and FA-G) which have been stably transduced with a

retroviral vector expressing the appropriate FANC cDNA

(FANCA, FANCC, or FANCG), FA protein levels return to

those found in normal cells, as do the levels of αSpII [13, 50,
69]. In these corrected FA cells, μ-calpain activity is also at

normal levels (Figure 6) [69]. Lambert et al have proposed several

mechanisms by which FA proteins could aid in maintenance of

αSpII stability in the cell and regulation of its cleavage by

FIGURE 6
µ-Calpain activity in FA cells. µ-Calpain activity wasmeasured
in FA-A, FA-C, FA-D2, FA-F and FA-G cells, in corrected FA-A (FA-
A+), FA-C (FA-C+), and FA-G (FA-G+) cells which had been stably
transfected with a retroviral vector expressing the
appropriate FANC cDNA, and in normal cells. Comparison of
µ-calpain activity between the groups of cells showed that
µ-calpain activity was 3-4 fold greater in FA cells compared to
normal cells or corrected FA cells. Activity was determined by
measuring cleavage of a fluorogenic calpain substrate and
expressed as relative fluorescence units (RFU). Vertical lines
represent ± the standard error of the mean for 5–8 separate
experiments (*) (p < 0.0001). (Reproduced from Zhang et al., [69]
with permission from the American Chemical Society).
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μ-calpain [13, 50, 69]. One of these is that a FA protein binds to

the SH3 domain of αSpII and inhibits the ability of LMW-PTP to

bind to the site and dephosphorylate it at Y1176. This, in turn,

would prevent the ability of μcalpain to cleave αSpII at its

cleavage site and would enhance the stability of αSpII
(Figure 5A). In support of this, FANCG has been shown to

have a 1@ consensus sequence that directly binds to the

SH3 domain of αSpII [101]. This binding could be

constitutive. FANCG could exist in equilibrium with c-Src

and LMW-PTP for binding to this site. Since affinity of

ligands that bind to SH3 domains, in particular the

SH3 domain of αSpII, is quite low, the on and off binding

rates can be fast, allowing a rapid exchange in binding of

these proteins [79, 81]. Importantly, there are a number of

patient derived mutations in the FANCG gene that result in

FANCG having a defect or loss in the consensus sequence that

binds to the SH3 domain of αSpII [101]. This could lead to loss of
ability of FANCG to bind to αSpII [101]. This would provide

LMW-PTP greater accessibility to the SH3 domain and lead to

greater cleavage of αSpII by μ-calpain (Figure 5B). FA-G patients

have a poorer hematological outcome than patients from other

FA complementation groups due to a more severe cytopenia and

a higher incidence of AML and leukemia [67, 142]. It would be of

interest to determine if this is related to the inability of a defective

FANCG to bind to αSpII and aid in preventing excessive cleavage
of αSpII by μ-calpain, and in maintaining the stability of αSpII in
FA-G cells.

Another possible mechanism by which FA proteins could

regulate μ-calpain activity and cleavage of αSpII is that a FA

protein binds to μ-calpain and prevents its ability to cleave αSpII.
Supporting this is yeast two-hybrid analysis which has shown

that FANCA and FANCG bind directly to μ-calpain [69]. This

FIGURE 7
Effect of siRNA knock down of µ-calpain in FA cells on formation of αSpII and XPF nuclear foci after damage with an ICL agent, MMC. (A) FA-A
and normal cells were transfected with non-target siRNA (−) or µ-calpain siRNA (+) and 24 h after transfection, cells were either undamaged or
treated with MMC. αSpII and XPF nuclear foci were examined 16 h after MMC treatment using indirect immunofluorescence and staining with anti-
αSpII or anti-XPF. After µ-calpain knock down, αSpII levels in FA-A cells were returned to normal levels and αSpII and XPF localized to damage-
induced nuclear foci. (B) There was no significant difference in the percentage of nuclei showing multiple foci in FA-A cells in which µ-calpain had
been knocked down compared to normal cells transfected with either Nt siRNA or µ-calpain siRNA (Reproduced from Zhang et al., [69] with
permission from the American Chemical Society).
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binding could potentially inhibit μcalpain’s activity.

Alternatively, a FA protein could bind to αSpII, protecting the

μ-calpain cleavage site from attack by μ-calpain. A fourth

potential mechanism is that a FA protein could have an effect

on the binding of calmodulin to αSpII. Calmodulin binds to

αSpII at a site adjacent to μ-calpain’s cleavage site and enhances

the susceptibility of αSpII to cleavage by μ-calpain [82–84]. A FA

protein, in some manner, could interfere with this binding of

calmodulin to αSpII and inhibit its ability to stimulate μ-calpain’s

cleavage of αSpII. In FA cells, a defect in a specific FA protein

could lead to enhanced binding of calmodulin to αSpII and

enhanced cleavage by μ-calpain. FA proteins also bind to each

other, particularly those in the FA core group (FANCA, FANCB,

FANCC, FANCE, FANCF, FANCG, and FANCL) [143]. For

example, FANCG binds directly to FANCF [143]. It is possible

that such interactions could aid in association of FA proteins

with αSpII.
There are thus a number of potential mechanisms by which

FA proteins could play an important role in regulating the

activity of μ-calpain and its ability to cleave αSpII. Different
FA proteins could affect a different aspect of the αSpII cleavage
process, either directly or indirectly. The stability of αSpII is a
critical component in the DNA ICL repair process and excessive

cleavage of αSpII in FA cells by μ-calpain is proposed to be an

important factor in the DNA repair deficiency in these cells [69].

Lambert et al. have proposed that FA proteins play a significant

role in the regulation of αSpII cleavage and its stability in the cell

[50, 69]. The exact mechanisms by which this occurs needs to be

investigated further.

These studies demonstrate another important role for FA

proteins in the cell and in the DNA repair process. In addition to

the role FA proteins play in DNA ICL repair, it is proposed that

they also act as regulators of the cleavage of αSpII by μ-calpain.

This could be important for a large number of cellular processes

in which αSpII is required, loss of which could lead to

chromosome instability, DNA repair defects, congenital and

developmental abnormalities, progression of cancer, neuronal

degeneration and neurological disorders, which are

characteristics of FA.

αSpII is critical for maintenance of
telomere function and chromosome
stability after DNA ICL damage

αSpII recruits repair proteins to telomeres
after DNA ICL damage

Telomeres are critical for maintenance of chromosome

stability and after DNA damage αSpII plays a major role in

this process [50, 144–150]. Lambert et al have demonstrated that

αSpII is recruited to telomeres in S phase after DNA ICL damage

and is critical for the repair of telomeric DNA at the time when

telomeres are undergoing DNA replication [46]. αSpII co-

localizes with a telomere-specific Cy [3]-labeled nucleic acid

(PNA) oligonucleotide probe and with two proteins in the

shelterin complex, TRF1 and TRF2, which help protect the

telomere and prevent telomere dysfunction (Figure 8) [46,

50]. These studies were carried out in normal human

lymphoblastoid cells which have telomerase, a

ribonucleoprotein complex important in maintaining the ends

of chromosomes [148, 151–153]. Telomerase positive cells were

used since telomerase is present in a number of the cell types

involved in the clinical manifestations of FA (e.g., highly

proliferating cells, bone marrow cells, peripheral blood cells,

stem cells which include hematopoietic stem cells, and

numerous types of cancer cells) [154, 155]. These studies have

demonstrated that αSpII acts as a scaffold and recruits XPF to

sites of ICL damage on telomeric DNA in normal human cells,

indicating that it aids in repair of the ICL damage in telomeres

[46]. Knock down of αSpII in normal cells leads to loss of

localization of XPF to sites of damage on telomeric DNA,

demonstrating that αSpII is critical in this recruitment process

(Figure 9A) [46]. In FA-A cells, in which there is a deficiency in

αSpII, XPF, though present, does not form foci at sites of ICLs on

telomeric DNA (Figure 9A). After αSpII levels are restored to

normal by knocking down µ-calpain, XPF localizes to sites of

damage on telomeres (Figure 9B) [46]. This emphasizes the

importance of αSpII in localization of XPF to damage sites

on telomeres.

There are differences, however, in the repair events in

telomeric DNA compared to non-telomeric DNA. Studies

have shown that, in normal human lymphoblastoid cells

and HeLa cells, both of which express telomerase,

FANCD2, unlike αSpII, does not localize in foci in

telomeric DNA after ICL damage [46]. FANCD2 was

found, however, to localize to telomeres in immortalized

telomerase-negative cells after DNA ICL damage [156].

These studies thus indicate that in telomerase-positive cells

FANCD2 is not involved in repair of DNA ICLs at telomeres,

however, it is involved in ICL repair in telomeres in

telomerase-negative cells. It is possible that, in telomerase-

positive cells, the repair response to DNA ICLs is similar to,

but not identical to, that which occurs in genomic, non-

telomeric, DNA. This needs to be explored further.

Dramatic reduction of αSpII levels in cells
leads to catastrophic loss of telomeres and
chromosomal aberrations after DNA
ICL damage

The importance of αSpII in repair of DNA ICLs in telomeric

DNA is supported by studies which have demonstrated that, in

normal human cells in which αSpII has been knocked-down to

levels that are 35% of normal and which have been damaged with

Experimental Biology and Medicine
Published by Frontiers

Society for Experimental Biology and Medicine12

Lambert 10.3389/ebm.2025.10537

56

https://doi.org/10.3389/ebm.2025.10537


a DNA ICL agent, there is telomere dysfunction, as evidenced by

the increased formation of telomere dysfunction-induced foci

(TIF) [46]. These foci represent sites of DNA doublestrand

breaks (DSBs), which arise when the DNA replication forks

are stalled at the site of a DNA ICL, and are an indicator of

dysfunctional telomeres [46, 157, 158]. It has been proposed that

decreased levels of αSpII can lead to stalling of replication of

telomeric DNA at sites of DNA ICLs in S phase [46]. This results

in collapse of the replication fork and in the formation of DNA

DSBs which are measured by determining the accumulation at

telomeres of ɣH2AX foci, which are markers for DSBs. In

addition to increased TIF formation, knock-down of αSpII

also leads to catastrophic loss of telomeres after DNA ICL

damage (Figure 10) [46]. This loss can be determined by

examination of chromosomes for loss of telomeres or

production of signal free ends (SFEs) (Figure10) [46]. Since

DNA replication in telomeres occurs in S phase, and αSpII
localizes to telomeres in S phase after ICL damage, this

suggests that αSpII is important in telomere function during

replication of ICL-damaged DNA. A loss of αSpII could thus

have significant effects on DNA replication after ICL damage and

could lead to production of stalled replication forks. If αSpII is
not recruited to these stalled replication forks to aid in repair of

the DNA damage, it can be hypothesized that this could lead to

FIGURE 8
αSpII associates with telomeres after DNA ICL damage. (A) αSpII associates with a Cy3-labeled telomere specific probe (PNA) as well as two
telomeric proteins in the shelterin complex, TRF1 and TRF2, after 16 h treatment with MMC. Cells were examined using a PNS probe as well as
immunoFISH and staining with antispectrin, anti-TRF1 or anti-TRF2 antibodies. Nuclear DNAwas counterstainedwith DAPI. Pictures were taken with
Z-stack and one slice is displayed. Magnified images are shown of co-localization of αSpII with (a) PNA probe; (b) TRF1 and (c) TRF2. (B) The
number of αSpII nuclear foci per cell and the number of αSpII foci that co-localized with PNA, TRF1 and TRF2 foci per cell in normal cells before and
after MMC treatment was quantitated. Three hundred cells were counted in each group. Error bars represent SEM. (Modified from Zhang et al., [46]
with permission of Oxford University Press).
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FIGURE 9
αSpII is needed for recruitment of XPF to sites of ICL damage on telomeric DNA. (A) In normal cells transfected with Nt siRNA and treated with
MMC for 16 h, XPF co-localized with TRF1. A magnified image of co-localization of XPF with TRF1 in MMC-treated Nt-siRNA-transfected cells is
shown to the right. Knock-down of αSpII in normal cells leads to loss of localization of XPF with TRF1 at telomeres after cells are treated with MMC.
These studies were carried out using immunoFISH and staining with antiXPF and anti-TRF1 antibodies. Nuclear DNA is counterstained with
DAPI. (B) In FA-A cells, XPF does not form foci in the nucleus after ICL damage. However, in FA-A cells in which μ-calpain (μ-cal) had been knocked
down with μ-calpain siRNA and cells were subsequently treated with MMC, XPF co-localized with TRF1 at telomeres. A magnified image of co-

(Continued )
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failure to efficiently restart replication and to telomere

dysfunction and loss of telomeres. These studies demonstrate

the importance of αSpII in telomere maintenance and function

after DNA ICL damage.

Since chromosome stability depends on functioning

telomeres, it is critical that after DNA damage the damage is

repaired so that chromosome integrity can be preserved. In

normal cells in which αSpII has been knocked down, there is

a significant increase in chromosomal aberrations, after DNA

ICL damage, which accompanies the decrease in DNA repair that

occurs in both non-telomeric and telomeric DNA [45, 46, 69].

These aberrations include: chromatid breaks, sister chromatid end-

to-end fusions, radials, and chromosome exchanges [45, 46, 69].

This thus demonstrates that, after DNA ICL damage, αSpII in both

non-telomeric and telomeric DNA is critical for maintenance of not

only telomere function but also chromosomal stability.

Telomere dysfunction in FA cells after
DNA ICL

FA serves as an excellent model for the effects that a

deficiency in αSpII has on telomere function after DNA

damage. As mentioned above, levels of αSpII in FA-A cells

are approximately 35–40% of normal [12, 45, 48]. Telomere

dysfunction has been observed in FA complementation group A

(FA-A) cells after DNA ICL (i.e., MMC or psoralen plus UVA

light) damage [46]. This includes a significant increase in TIF

formation and a catastrophic loss of telomeres (Figure 10) [46].

This increase correlates with loss of αSpII in these cells, which

results in a significant decrease in recruitment of XPF to sites of

damage at telomeres as mentioned above (Figure 9A) [46]. These

studies indicate that there is a defect in repair of ICLs at telomeres

in FA-A cells similar to that seen in normal cells after αSpII has
been knocked down.

Knock-down of μ-calpain in FA-A
cells corrects the αSpII deficiency,
telomere dysfunction, defective DNA
repair and chromosome instability
after DNA ICL damage

Evidence that loss of αSpII in FA-A cells is a significant factor

in the increase in telomere dysfunction and in the catastrophic

loss of telomeres that occurs after DNA ICL damage is

demonstrated by studies in which μ-calpain has been knocked

down by siRNA. Knock down of μ-calpain in FA-A cells leads to

restoration of αSpII levels to those found in normal cells and to

reduction in the number of TIF positive cells after MMC

treatment [46]. In addition, it also results in a significant

decrease in the frequency of signal-free ends (SFEs) or

telomere loss in FA-A cells after DNA ICL damage

(Figure 10) [46]. These studies thus demonstrate that

breakdown of αSpII in FA-A cells due to excessive μ-calpain

activity results in telomere dysfunction and loss of telomeres,

which can be corrected by knocking-down μ-calpain.

FIGURE 9 (Continued)
localization of XPF with TRF1 in FA-A cells in which μ-calpain had been knocked down and then treated with MMC is shown on the right. (C) The
number of XPF nuclear foci and XPF nuclear foci which colocalized with TRF1 was quantitated in normal and FA-A cells. These numbers were the
same between normal cells transfected with Nt-siRNA and FA-A cells transfected with μ-calpain siRNA, both of which had been treated with MMC.
(Reproduced from Zhang et al., [46] with permission of Oxford University Press).

FIGURE 10
A deficiency in αSpII in cells leads to a catastrophic loss of
telomeres after DNA ICL damage. In normal human cells in which
αSpII has been knocked down by siRNA, there is a loss of telomeres
after treatment with a DNA ICL agent, MMC, compared to
normal cells transfected with a Nt siRNA [46]. This is noted by the
presence of signal free ends (SFEs) on the chromosomes. In FA-A
cells, after damage with MMC, there is a catastrophic loss of
telomeres, as noted by the presence of (SFEs), compared to the
presence of telomeres on undamaged Nt siRNA transfected FA-A
cells [46]. However, in FA-A cells after µ-calpain has been knocked
down by siRNA so as to increase αSpII levels, and subsequent
treatment with MMC, quantitation of the frequency of SFE in
chromosomes showed that it was reduced to levels similar to
those in normal cells transfected with Nt siRNA. These studies
demonstrate that αSpII has a critical role in maintaining telomere
function after damage with a DNA ICL agent [46]. Metaphase
chromosomes were stained with DAPI (blue) [46]. Telomeric DNA
was identified using FISH with a Cy3-labeled telomere specific
PNA probe (red) [46]. Error bars are S.E.M. ***P < 0.0001 (Modified
from Zhang et al. [46] with permission from Oxford
University Press).
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In FA-A cells, unlike in normal cells, XPF does not localize to

telomeres after DNA ICL damage (Figure 9B) [46]. However,

when μ-calpain is knocked down by siRNA and αSpII levels have
been restored to normal, XPF co-localizes with αSpII in damage

induced foci at telomeres (Figure 9B) [46]. These studies again

demonstrate that αSpII plays a critical role in telomere function

after DNA ICL damage, and that restoration of αSpII to normal

levels in FA cells by knocking down μ-calpain can have a

significant effect on increasing the DNA repair capability of

these cells and correcting the telomere dysfunction observed after

DNA ICL damage [46].

Chromosomal aberrations produced after DNA ICL damage

are also corrected in FA cells after restoration of αSpII levels to
normal by knocking-down μ-calpain [45, 46]. The aberrations

which were corrected include sister chromatid end-to-end

fusions, chromosome exchanges, and chromatid breaks and

radials and are similar to those produced after ICL damage in

normal cells in which αSpII levels have been knocked down [45,

46]. Thus decreasing μ-calpain activity in FA cells and restoring

αSpII levels to normal leads to restoration of DNA repair

capabilities, localization of XPF to sites of DNA damage,

increased chromosomal stability, and a decrease in formation

of dysfunctional telomeres and in loss of telomeres after DNA

ICL damage. These studies indicate that both loss of αSpII and
telomere dysfunction in FA-A cells may be important factors in

the chromosomal aberrations which develop after DNA

ICL damage.

Of particular interest, FA-A cells in which αSpII levels have
been restored to normal are still deficient in the FANCA protein.

The question that arises is how DNA ICL repair can still proceed

in the absence of this protein. Lambert et. al. have proposed that

FA proteins, in addition to a role in DNA repair, are also

important in maintaining the stability of αSpII and reducing

its cleavage by μ-calpain [46, 69]. When αSpII stability has been
restored in FA-A cells by knocking-down μ-calpain, DNA repair

is able to proceed, possibly involving an alternative means [49,

50]. In FA-A cells, in which there is a deficiency in FANCA,

FANCD2 is not monoubiquitinated [49]. FANCD2-Ub has been

shown to be important for the ICL repair pathway to proceed

[57–59]. Lambert et al have shown, however, that in FA-A cells in

which αSpII levels have been restored, non-Ub FANCD2 foci are

observed at levels approximately 80% of normal just as they are in

FA-A cells in which levels of αSpII have not been restored [49].

FANCD2-Ub is not present [49]. The non-Ub FANCD2 foci

localize to sites of DNA ICL damage and the nonUb

FANCD2 foci follow the same time course for formation of

nuclear foci after ICL damage as the FANCD2-Ub foci do.

However, in the FA-A cells non-Ub FANCD2 foci only

appear after levels of αSpII have been returned to normal

[49]. Thus non-Ub FANCD2 requires the presence of αSpII in
order to localize to sites of damage. αSpII does not colocalize with
these non-Ub FANCD2 foci, just as it does not co-localize with

FANCD2- Ub foci in normal cells after DNA ICL damage [49].

Lambert et al have proposed that in FA-A cells when levels of

αSpII have been returned to normal, non-Ub FANCD2 localizes

to sites of damage and plays a role in the DNA repair process

[49]. This is potentially an alternate method for DNA ICL repair.

Whether this is mainly a back-up mechanism or is also involved

in normal ICL repair is not clear. Other studies support the

proposal that non-Ub FANCD2 plays a role in DNA ICL repair,

in particular, in the nonhomologous recombination step in the

repair process and in replication fork recovery [159–163]. The

relationship between αSpII and FANCD2-Ub and non-Ub

FANCD2 after DNA damage needs to be further investigated.

Importance of loss of αSpII in the
pathogenesis of Fanconi anemia

As noted above, breakdown and loss of αSpII in FA cells has a

significant effect on both DNA repair and chromosome stability

after damage with a DNA interstrand crosslinking agent.

Lambert et al. have proposed that this loss is an important

contributing factor in the pathogenesis of FA [38, 44]. There

are a number of defining characteristics associated with FA

pathogenesis, the major ones of which include a defect in

DNA repair, chromosome instability, cancer predisposition,

bone marrow failure and multisystemic congenital

abnormalities [47, 51–69]. Experimental evidence has shown

that loss of αSpII in FA cells has a significant impact on

several of these characteristics. Breakdown of αSpII in FA

cells has been shown to be directly involved in the defect in

ability of FA cells to repair DNA ICLs [13, 44, 45]. Loss of αSpII
results in failure of XPF/ERCC1 to localize to sites of DNA ICLs

and create incisions at these sites leading to defective DNA ICL

repair in FA cells in both telomeric and non-telomeric DNA [13,

44, 47, 50]. In addition, excessive breakdown of αSpII in FA cells

also results in chromosome instability and production of

chromosomal aberrations after DNA ICL damage [44, 45]. It

has been shown that failure to repair DNA ICLs, particularly in S

phase of the cell cycle can directly lead to the production of DNA

double-strand breaks and chromosomal aberrations [164]. This

is proposed to be a major cause of chromosomal aberrations in

FA cells after DNA ICL damage [44, 45, 50]. Restoration of αSpII
levels to normal in FA cells, by knocking down μ-calpain, leads to

restoration of DNA ICL repair and chromosome stability [45, 47,

50]. These studies thus indicate that αSpII is critical for two

important cellular processes, DNA repair and chromosome

stability of DNA ICL damage, which are defective in FA cells

and which contribute to the pathogenesis of the disorder.

Another phenotypic characteristic of FA is an increased

incidence of cancer (e.g., acute myeloid leukemia (AML) and

squamous cell carcinoma) and hemolytic anemia [67, 68, 77,

165]. There is evidence that a deficiency in αSpII plays an

important role in cancer development [68, 166]. Loss of αSpII
has been reported in the bone marrow of patients with acute
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myeloid leukemia (AML) and it has been proposed that a

deficiency in αSpII is a contributing factor in the development

of AML [165, 167]. Since FA patients can develop AML, it is

possible that loss of αSpII is an important component in this

process and may be involved in the leukemogenesis and bone

marrow failure which can occur [165, 167]. In a number of B-cell

malignant lymphomas, there is a strong correlation between loss

of αSpII and development of lymphomagenesis [167]. This has

led to the suggestion that a deficiency in αSpII is an important

factor in lymphomagenesis [167]. Thus breakdown and loss of

αSpII in FA cells could play a role in the development of AML

and leukemogenesis observed in FA patients and contribute to

FA pathogenesis. This needs to be further examined.

FA patients can also have a number of congenital

abnormalities, which include radial ray deformities, absent

radi, ear malformations, urogenital anomalies, renal

deformities, cardiac defects, and neurological abnormalities

[67, 168, 169]. αSpII has been proposed to play a role in

many developmental processes [36, 170–172]. In αSpII
knockout mice the embryos display cardiac, craniofacial and

neural tube abnormalities [170]. Cultured fibroblasts from these

mice have impaired growth and spreading [170]. These studies

indicate that αSpII is important in cellular morphology and

development. Since αSpII is critical for and expressed

throughout development in mammalian cells, it can be

hypothesized that a deficiency in αSpII in FA patients could

indirectly have a significant influence on a number of the

developmental abnormalities associated with FA.

Other disorders associated with
defects in αSpII

αSpII is an essential protein in the cell and an important

cellular scaffold which is critical for a diverse number of

biological processes, therefore, loss or dysfunction of this

protein could be of important clinical significance and play a

fundamental role in the etiology of a number of diseases [7,

13–17, 25–39]. Two important causes for a loss or deficiency in

αSpII are: (1) enhanced cleavage and break-down of αSpII, or (2)
mutations in the gene encoding αSpII, SPTAN1, resulting in

expression of a defective αSpII. Some disorders in which defects

or a deficiency in αSpII are of clinical significance are

presented below.

Loss or a deficiency in αSpII is an important factor in the

pathophysiology of a number of neurological disorders [135, 169,

173–179]. Mutations in the SPTAN1 gene are associated with a

broad range of neurodevelopmental diseases [169, 174, 175]. One

of these is early infantile epileptic encephalopathy, or West

Syndrome, which is characterized by progressive brain

atrophy, severe neurodevelopmental impairment, mental

retardation, difficulty walking, and seizures [169, 174–177]. In

this disorder, there is a mutation in the SPTAN1 gene leading to a

defect in the binding of αSpII to βSpII and to βSpIV, which are

needed for organization and maintenance of the neuronal actin-

spectrin cytoskeleton, as well as for axonal and dendritic growth

and development and neuronal excitabiliity [174–177].

In a number of other progressive neurodegenerative

disorders there is increased breakdown of αSpII [132, 135,

140, 141, 178–181]. It has been shown that this is due to

excessive activation of calpain which results in increased

cleavage of αSpII. Excessive activation of calpain and αSpII
cleavage is a common feature of neurodegenerative diseases

and of traumatic encephalopathy and leads to loss of neuronal

integrity and the neuropathology of many of these disorders [132,

135, 140, 141, 178, 179]. In Alzheimer’s disease, increased

breakdown of αSpII has been demonstrated in numerous cells

and tissues and is due to excessive calpain activity but not to

changes in levels of calpain [141, 171, 177, 182]. It has been

proposed that faulty regulation of the neuronal spectrin skeleton

and its breakdown by excessive calpain activity can activate a

series of events that leads to the ataxia and neuronal degeneration

observed in this and other neurodegenerative disorders [135].

Thus, excessive activation of calpain activity in a number of

neurodegenerative diseases results in loss of αSpII [132,

135, 140–142].

Central nervous system and various neurological anomalies

are also a clinical characteristic of FA patients. These include:

brain and spinal cord anomalies, microcephaly, hydrocephalus,

cerebellar defects, and development of medulloblastoma [67, 168,

173, 183–186]. Of considerable interest, FA cells have

significantly (3-4 fold) increased levels of breakdown of αSpII
due to an excessive increase in µ-calpain activity [13, 50, 69]. FA

thus represents another disorder in which loss of αSpII is due to
its cleavage by µ-calpain. It can be hypothesized that like some

neurodegenerative diseases, excessive activation of μ-calpain

activity in FA, leading to significant cleavage of αSpII, may be

an important contributing factor in the pathological changes

observed in the nervous system and in the pathogenesis of FA. It

would be of interest to determine whether there is increased μ-

calpain activity and αSpII cleavage in neuronal tissue in FA

patients with neurological abnormalities and to speculate that, if

a relationship between these two factors were found, this would

indicate that breakdown of αSpII is an important factor in

progression of these abnormalities.

There is evidence that a deficiency in αSpII plays an

important role in development of cancers other than AML. In

Lynch Syndrome or hereditary nonpolyposis colorectal cancer,

where there is a defect in DNA mismatch repair and a deficiency

in the mismatch repair protein, MLH1, there is a significant

reduction in levels of αSpII in the tumor cells [187–189]. Since

MLH1 directly interacts with αSpII, it has been proposed that loss
of MLH1 leads to destabilization of αSpII which, in turn, results

in a defect in DNA repair and in the tumor development seen in

this disorder [187–189]. These studies, along with those noted

above, which suggest that αSpII loss is an important factor in

Experimental Biology and Medicine
Published by Frontiers

Society for Experimental Biology and Medicine17

Lambert 10.3389/ebm.2025.10537

61

https://doi.org/10.3389/ebm.2025.10537


lymphomagenesis, collectively indicate that there is strong

evidence that a deficiency in αSpII plays an important role in

development of a number of different types of cancer.

In both acquired and neonatal congenital heart failure, there

is dysfunction of αSpII that is due to excessive calpain activity

which results in increased cleavage of αSpII [190, 191]. This has
been demonstrated by the presence of the 150 kDa αSpII
breakdown product of μ-calpain in the cardiac cells [190,

191]. αSpII is required for normal cardiac structure, function

and development and plays a central role in the formation and

regulation of key structural and signaling pathways in the heart

[190, 191]. Breakdown of αSpII, which can occur in heart disease,
has a significant effect on the cardiomyocyte spectrin network

and on regulation of normal cardiac function [36, 190, 191].

Thus, breakdown of αSpII by excessive μ-calpain activity is also

an important factor in heart failure.

αSpII dysfunction can therefore lead to a variety of disorders,

particularly since it is a multifunctional protein which is critical

for a multitude of diverse cellular processes. As mentioned above,

there is a relationship between clinical manifestations of all of the

disorders described and a loss or deficiency in αSpII, which in

turn is due to either enhanced cleavage of αSpII by excessive

proteolytic cleavage by μ-calpain or expression of a defective

αSpII due to a mutation in the SPTAN1 gene. As a result of the

diversity of αSpII function, a deficiency in αSpII can lead either

directly or indirectly to dysregulation of a number of different

cellular pathways and to pathological changes which are

manifested in a variety of different disorders. The number of

disorders in which deficiencies in αSpII play a direct or indirect
role may still not yet be fully recognized.

Conclusions and perspective

αSpII is a critically important and functionally diverse protein

which represents 2–3% of all proteins in human cells [14–17]. It

forms a network under the plasma membrane and within the

cytoplasm ensuring the stability of cell membranes and

organelles. It acts as a scaffold interacting with different protein

binding partners playing an important role in cell development, cell

migration, cell cycle, actin filament organization, intracellular

trafficking and signal transduction [24–28]. Within the nucleus,

αSpII is part of a nucleoskeletal network which is essential for

maintaining the structural integrity of the nuclear envelope and

elasticity of the nucleus. It is involved in the biomechanical coupling

of the nucleoskeleton to the cytoskeleton. Of particular significance,

αSpII plays a critical role in DNA repair where it acts as a scaffold

recruiting repair proteins to sites of damage, enabling DNA repair to

take place [44, 50].

αSpII’s stability within the cell is critical for all of its

functions. It is sensitive to cleavage by the protease, μ-calpain,

and excessive activation of μ-calpain activity leads to increased

cleavage of αSpII and loss of its ability to function in essential

cellular processes, which is a contributing factor in a number of

disorders [44, 50]. Maintaining a balance between activation of μ-

calpain and regulation of spectrin cleavage is thus extremely

important. This is particularly critical during the repair of DNA

interstrand crosslinks (ICLs), where αSpII plays a critical role in
repair of damaged sites, on both telomeric and non-telomeric

DNA [46]. Excessive activation of µ-calpain activity leads to

cleavage and breakdown of αSpII and loss of its ability to function
in DNA repair as well as in cellular systems critical for both the

structural and non-structural components of cell function [69].

This, in turn, leads to development of the pathological changes

observed in numerous disorders.

One disorder in which there is a deficiency in αSpII is the
bone marrow failure disorder, Fanconi anemia (FA), a distinctive

hallmark of which is a defect in ability to repair DNA ICLs. αSpII
levels in FA cells are 35%–40% of normal and levels of repair are

35–45% of normal [43, 48, 54]. Of particular significance, loss of

αSpII in FA cells is due to increased µ-calpain activity, which is 3-

4 fold greater than in normal cells, as observed in FA-A, FA-C,

FA-D2, FA-F and FA-G cells [69]. This leads to increased

cleavage of αSpII and decreased DNA ICL repair capabilities

in both telomeric and non-telomeric DNA (Figure 11A).

However, when levels of µ-calpain are knocked down, there is

decreased cleavage of αSpII, whose levels return to those found in
normal cells, and restoration of DNA ICL repair in these cells

(Figure 11B). Another characteristic hallmark of FA is

chromosome instability. After DNA ICL damage, a number of

chromosomal aberrations occur in FA cells such as sister

chromatid end-to-end fusions, chromatin breaks, chromosome

exchanges and radials [45]. In FA cells in which µ-calpain has

been knocked down, αSpII stability is restored leading to

restoration of chromosomal stability and a decrease in

chromosome aberrations after DNA ICL damage. This

indicates that αSpII plays an important role in both DNA

repair and chromosome stability after DNA ICL damage.

Lambert et al. have hypothesized that excessive cleavage of αSpII
in FA cells is an important contributing factor in the pathogenesis of

this disorder [44, 50]. The strongest evidence supporting this is from

the studies noted above on the critical role of αSpII in DNA repair

and in chromosome stability, since defects in these two processes are

of major importance in FA pathogenesis. αSpII has been shown to

play a direct role inDNA ICL repair and in the repair defect in FA. It

binds directly to DNA containing ICLS and its involvement in the

repair process has been demonstrated both by measurement of

unscheduled DNA synthesis (UDS) after damage, which measures

uptake of nucleotides into DNA repair patches, and by localization

of the repair protein, XPF, to sites of DNA ICLs in normal and FA

cells [42, 43, 47]. These studies indicate that breakdown of αSpII in
FA cells is directly related to the defect in DNA ICL repair. An

important question is what are the factors that are important in

maintaining the stability of αSpII in FA cells. Studies have

demonstrated that one of these is regulation of cleavage of αSpII
by μ-calpain.
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Excessive cleavage of αSpII by µ-calpain and its involvement

in the DNA repair defect in FA cells has been demonstrated both

by the presence of the 150 Kd αSpII breakdown product of

µ-calpain in FA cells and by studies which show that knocking

down μ-calpain corrects the excessive cleavage of αSpII and the

DNA repair defect [69]. This needs to be examined in more FA

complementation groups. It will also be important to determine

whether there are other proteins involved in αSpII cleavage.

Calmodulin, for example, binds to a site on αSpII and can

stimulate µ-calpain activity. Studies need to be carried out to

determine whether increased binding of calmodulin to αSpII in
FA cells plays a role in the increased µ-calpain activity observed

and the increased breakdown of αSpII.
FA proteins are known to play a role in the DNA ICL repair

pathway. Lambert et al. have hypothesized that they also play an

important role, either directly or indirectly, in maintaining αSpII
stability. Transfection of FA cells (FA-A, FA-C, and FA-G) with

the corresponding FANC-cDNA, which results in expression of

either FANCA, FANCC or FANCG, respectively, restores αSpII
stability and leads to restoration of chromosomal stability [69].

FANCG has been shown to directly bind to the SH3 domain in

αSpII [101]. It has been proposed that FANCG may be involved

in aiding in maintenance of αSpII stability by directly preventing
binding of low molecular weight phosphotyrosine phosphatase

(LMW-PTP) to its SH3 domain, which would lead to

dephosphorylation of residue Y1176 at μ-calpain’s cleavage

site adjacent to the SH3 domain (Figure 1) and allow µcalpain

to cleave αSpII at this site [101]. Binding of FANCG to the

SH3 domain would aid in preventing cleavage of αSpII by μ-

calpain. This needs to be further investigated. Other FA proteins

could also interact with αSpII to protect it from cleavage by

µ-calpain or bind to µ-calpain or calmodulin and prevent their

activity, either directly or indirectly, via other proteins. FANCA

and FANCG, for example, have been shown to bind directly to

μcalpain [13, 50]. Whether this binding can decrease the activity

of µ-calpain and enhance αSpII stability needs to be examined.

Similarly, binding of a FA protein to calmodulin could inhibit its

ability to bind to μ-calpain and activate it, which would also

enhance αSpII stability. Thus, binding of FA proteins to αSpII or
to associated proteins such as μcalpain or calmodulin could have

an important effect on αSpII stability, protecting it from cleavage

by µ-calpain. Studies need to be carried out on all of these

possibilities.

Numerous studies have been done on the direct role FA

proteins play in repair of DNA ICLs. In one of these, knockdown

of the FANCA and FANCD2 genes in human embryonic stem

cells was shown to lead to a marked reduction in localization of

FANCA and FANCD2 proteins to ICL damage induced foci,

FIGURE 11
Role of µ-calpain in the deficiency of αSpII in FA cells and in defective DNA ICL repair in these cells. FA-A cells are used as a model. (A) In FA-A
cells, excessive µ-calpain activity, decreased levels of individual FA proteins and increased accessibility of αSpII to µ-calpain lead to increased
cleavage of αSpII by µ-calpain. FA-A cells, transfected with a non-target siRNA and examined using indirect immunofluorescence and staining with
anti-αSpII, show low levels of αSpII and few nuclear foci after MMC treatment. Staining of the cells with anti-XPF shows that XPF is present in
these cells but, after MMC treatment, few XPF foci are seen. (B) In FA-A cells, in which µ-calpain has been knocked down by µ-calpain siRNA, there is
decreased cleavage of αSpII. Examination of these cells using immunofluorescence shows that αSpII is present in the nucleus and forms foci after
treatment with MMC. XPF also forms nuclear foci in these cells after MMC treatment.
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indicating presence of a defect in DNA ICL repair [192].

Chromosomal aberrations such as breaks and radials also

formed [192]. It would be interesting to determine, in studies

such as these, whether a decrease in FANCA or

FANCD2 proteins leads not only to direct effects on DNA

ILC repair but also to loss of stability and breakdown of

αSpII. If this occurred, it would suggest that loss of the FA

protein led to increased breakdown of αSpII and to the increased
defect in DNA repair and chromosome stability observed after

DNA ICL damage. These studies would also emphasize the

importance of FA proteins in aiding in maintenance of the

stability of αSpII in cells, as has been suggested.

Another distinctive hallmark of FA is chromosome

instability. The importance of αSpII in maintenance of

chromosome stability is seen in studies in which knock down

of αSpII in normal cells leads to production of chromosomal

aberrations [45]. In addition, in FA cells when levels of αSpII are
returned to normal by knocking down μ-calpain, chromosome

stability is restored indicating that αSpII plays a role in this

process [45]. The effect that excessive cleavage of αSpII in FA

cells has on chromosome stability could be directly related to the

defect in the ICL repair process and the increase in un-repaired

DNA which is produced in these cells. It has been shown that un-

repaired or misrepaired lesions in DNA can lead to chromosomal

aberrations [164]. Cells are particularly sensitive to un-repaired

DNA ICLS, which can lead to DNA double-strand break

formation in S phase of the cell cycle and to chromosomal

aberrations [164]. In FA cells, breakdown of αSpII could thus

be important in production of the chromosomal aberrations

observed, which particularly occur after DNA ICL damage and

which are not effectively repaired in these cells.

Lambert et al. have also hypothesized that excessive cleavage of

αSpII in FA cells may be an important contributing factor in some

of the other characteristics of FA pathogenesis such as bone

marrow failure, development of AML, congenital anomalies and

neurological abnormalities [13, 44]. Studies have shown, for

example, that there is a loss of αSpII in bone marrow of

patients with AML and it has been proposed that this loss may

be contributing to AML development and to leukemogenesis [165,

167]. It can be hypothesized that since FA patients can develop

AML, a deficiency in αSpII is a contributing factor in its

development. Excessive cleavage and loss of αSpII also occurs

in a number of neurodegenerative disorders. This is due to

excessive activation of calpain and is a common feature of the

neuropathology of many of these disorders. Neurological

abnormalities are also a characteristic of FA patients [67, 168,

183–186]. It is possible that excessive calpain activity may thus be

an important factor contributing to the loss of αSpII and to a

number of the neurological anomalies observed in FA. FA could

thus represent another disorder in which there is excessive cleavage

of αSpII by μ-calpain. Studies needs to be carried out on this in more

complementation groups of FA. Since αSpII is a multifunctional

protein, it is not surprising that a deficiency in it could lead to

deficiencies in multiple cellular pathways and result in a number of

the different pathological manifestations observed in FA.

This review has focused on the important role of αSpII in repair
of DNA ICLs in telomeric and non-telomeric DNA and on the

importance of maintaining the stability of αSpII not only for DNA
repair but also for other cellular processes. Two factors which have

been shown to be critical for maintaining αSpII stability in the cell

are the levels of μ-calpain activity and the presence of FA proteins.

Excess μ-calpain activity in FA cells has been demonstrated to lead to

breakdown of αSpII. FA proteins are proposed to play a role in

regulation of αSpII stability by modulating its cleavage by μ-calpain.

Direct binding of FANCG to αSpII has been demonstrated but the

effects this binding has on αSpII stability and its cleavage by μ-

calpain needs to be further investigated as does the effect of other FA

proteins on this process.

Since αSpII has a wide spectrum of functions in a number of

different cellular and physiological processes, it is possible that in

FA cells excessive cleavage of αSpII by μ-calpain could have an

important effect on some of the clinical characteristics of this

disorder. Decreasing μ-calpain activity in FA cells could aid in

stabilization of αSpII and be of potential therapeutic relevance.

Lambert et al. have shown that knocking down μcalpain activity

in FA cells to levels found in normal cells does not have any

adverse effects on cell survival and it leads to restoration of αSpII
to normal levels and enables DNA ICL repair to proceed. Though

levels of μ-calpain have been reduced to normal in these cells, the

deficiency in the FA protein specific for the FA complementation

group being examined has not been corrected. However, DNA

repair takes place. FANCD2-Ub is not present but non-Ub

FANCD2 is and it localizes in foci at sites of damage. αSpII is
needed for this to occur [49]. αSpII localizes in foci at sites of

damage along with XPF but not with non-Ub FANCD2. It has

been proposed that this could be a backup system in which non-

Ub FANCD2 is involved in the repair process [49]. In these FA

cells, if a specific FA protein is not available to help stabilize

αSpII, restoration of αSpII to normal levels by knocking down μ-

calpain could, to some extent, counteract this need for the FA

protein in this process. Whether this holds true for all of the FA

complementation groups needs to be examined.

It is hypothesized that there is a mechanistic link between

excessive μ-calpain activity, cleavage of αSpII, and defective DNA
ICL repair, and that these are key factors in the pathogenesis of

FA. FA proteins are proposed to play a role in modulating αSpII
cleavage by μ-calpain. Correcting the excessive cleavage of αSpII
in FA cell is particularly important since αSpII is essential for a
number of critical cellular and physiological processes, such as

DNA repair. These studies suggest a new direction for correction

of a number of the phenotypic deficiencies in FA cells. Thus,

stabilization of αSpII in FA by reducing μ-calpain activity,

potentially in combination with other modalities, could

potentially reduce the DNA repair defect and other systemic

deficiencies which lead to the clinical manifestations of this as

well as other disorders.
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Abstract

Hypertrophic cardiomyopathy (HCM) is a genetic cardiac disorder associated

with an increased risk of arrhythmias, heart failure, and sudden cardiac death.

Current imaging and clinical markers are not fully sufficient in accurate diagnosis

and patient risk stratification. Although known cardiac biomarkers in blood are

used, they lack specificity for HCM and primarily stratify for death due to heart

failure in overt cases. Non-coding RNAs, particularly microRNAs, have emerged

as promising biomarkers due to their role in regulating gene expression in both

healthy and pathological hearts. Circulating microRNA signatures may

dynamically reflect the progression of HCM, offering potential utility in

diagnosis and disease monitoring as well as inform biologic pathways for

innovative therapeutic strategies. However, studying microRNAs in

cardiovascular diseases is still in its early stages and poses many challenges.

This review focuses on emerging research perspectives using advanced cardiac

magnetic resonance techniques. We presume, that the search for circulating

miR signatures associated with specific adverse myocardial features observed

on cardiac magnetic resonance imaging - such as fibrosis, disarray, and

microvascular disease - represents a promising direction in HCM research.

KEYWORDS

hypertrophic cardiomyopathy, non-coding RNAs, microRNAs, cardiac magnetic
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discovery of novel circulating miR biomarkers. The current

biomarkers are not specific for HCM, and their use is limited

by risk stratification for heart failure death. By reviewing recent

literature, we discuss the potential to identify specific circulating

microRNA signatures linked to adverse microanatomical

features of HCM observed using advanced CMR. We aim to

engage the HCM scientific community in future interdisciplinary

collaborations. The brief review of evolving modalities already

applied in some areas of clinical practice may be of interest to a

broad audience of practitioners, including cardiologists,

radiologists, laboratory specialists, and genetics.

Introduction

Hypertrophic cardiomyopathy (HCM) is the most common

genetic cardiac disorder, characterized by left ventricular (LV)

hypertrophy in the absence of abnormal loading conditions [1].

In addition to cardiomyocyte hypertrophy, histological

hallmarks include myocardial fibrosis (focal and diffuse),

extensive disarray, and microvascular disease (MVD), all

linked to arrhythmias, sudden cardiac death (SCD), and heart

failure [2–6]. HCM exhibits significant heterogeneity in LV

morphology [7], clinical course [8], and genetic etiology,

involving both monogenic and polygenic components. Over

recent decades, genetic studies have focused on protein-coding

genes, identifying sarcomeric gene variants as the primary cause

in approximately half of HCM patients [9–11]. This has

established sarcomere dysfunction as a crucial mechanism in

HCM [12], prompting the development of new treatments, such

as cardiac myosin inhibitors [13]. Despite notable advancements,

challenges remain in altering disease progression [14]. In clinical

practice, there is a need for disease-specific plasma biomarkers to

differentiate HCM from secondary LV hypertrophy, enhance risk

stratification, and monitor phenotype evolution in preclinical

mutation carriers. A fundamental question is how to identify the

signaling pathways and regulatory networks that mediate the

phenotypic expression of HCM’s complex genetics.

This paper reviews micro non-coding ribonucleic acids

(microRNAs or miRs), known as negative controllers of gene

expression, as promising biomarkers for HCM. A special focus is

placed on a) myocardial microanatomical features of HCM as a

research field for disease-specific biomarkers; b) whether cardiac

magnetic resonance (CMR) tissue characterization techniques

FIGURE 1
Scheme of the review “Circulating microRNA as promising biomarkers in hypertrophic cardiomyopathy: Can advanced cardiac magnetic
resonance unlock new insights in research?”.
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hold potential to advance the discovery of circulating biomarkers,

such as miRs, in HCM (Figure 1).

Current biomarkers for HCM

Since myocardial biopsy is not typically used in managing

HCM, biomarkers are sought from cardiac imaging, clinical

features, and circulating molecules. Similar to other

cardiovascular diseases, a multi-parametric approach is

employed for the diagnosis and risk stratification in HCM.

The only validated diagnostic marker for HCM is LV

myocardial thickness, defined as ≥15 mm in adult probands

and routinely assessed using echocardiography or CMR [1].

However, this marker has limitations: it cannot always reliably

distinguish HCM from secondary LV hypertrophy or metabolic

disorders and is insufficient to detect preclinical and early-stage

disease. Furthermore, the quality of echocardiographic image

may be compromised by patient-related factors, while CMR,

although more precise, is not universally accessible and has

procedural restrictions. Supporting diagnostic tools include

electrocardiogram, family screening, genetic testing, and

clinical assessment to exclude phenocopies. Currently, there

are no specific blood biomarkers for HCM. While several

molecules reflecting myocardial wall stretch, fibrosis,

inflammation, apoptosis, necrosis, and endothelial dysfunction

have demonstrated correlations with imaging findings [15], they

have not been integrated into clinical practice due to insufficient

evidence of specificity, thereby limiting their diagnostic utility.

Moreover, none of these biomarkers exhibit adequate sensitivity

to detect subclinical HCM [16].

Few imagingmarkers and clinical features - such as ventricular

tachycardia, unexplained syncope, and a family history of SCD -

are incorporated into SCD risk stratification algorithms [17, 18].

However, these models do not include blood biomarkers and show

modest predictive value. Current European guidelines recommend

the use of N-terminal pro-B-type natriuretic peptide (NT-

proBNP) and troponin T for assessing mortality risk in overt

HCM, particularly for death due to heart failure [1]. Additionally,

NT-proBNP can serve as a surrogate marker for evaluating the

therapeutic efficacy of cardiacmyosin inhibitors [19, 20]. However,

no risk models are currently designed to predict heart failure or

other non-SCD-related mortality in HCM.

Challenges in identifying blood biomarkers for HCMmay be

attributed to historically small sample sizes in cardiomyopathy

studies, inaccurate phenotype characterization, and truly weak

biomarker correlations. Furthermore, simplistic approach based

on a limited set of pre-selected biomarkers may not capture the

complex underlying pathways.

Recent advancements in omics technologies, enabling the

quantification of thousands of low-abundance circulating

molecules (e.g., RNA, proteins, metabolites), have led to the

discovery of novel biomarkers. Studies have demonstrated the

ability of compiled protein and miR panels to differentiate HCM

from hypertensive heart disease [21, 22] and subclinical HCM

from controls [23, 24].

Circulating ncRNAs as biomarkers:
case of miRs

Advances in cardiovascular genetics have shifted scientific

interest toward the non-protein-coding genome and its non-

coding RNA (ncRNA) transcripts [25]. The foremost function

of ncRNAs is to regulate protein-coding gene expression, thereby

affecting fundamental processes such as growth, differentiation,

metabolism, apoptosis, and autophagy [26–29]. With growing

evidence on the involvement of ncRNAs in heart diseases [30]

and the advent of advanced computational methods, researchers

can now explore the diagnostic, prognostic, and therapeutic

potential of ncRNAs as biomarkers and novel targets for

intervention [31].

Among various types of ncRNAs [32], miRs are the most

abundant [33] and of particular interest in human diseases,

including HCM [34]. MiRs are small molecules

(~20–22 nucleotides) that form a coordinated regulatory system

and control gene expression post-transcriptionally by binding to their

messenger RNAs, resulting in cleavage or translational repression

[35]. A single miR can have numerous high- and low-affinity gene

targets, and a single gene can be regulated by multiple miRs.

MiRs are detected not only in tissues but also in the

bloodstream, making them attractive biomarkers for cardiac

diseases, where biopsy is uncommon. They enter circulation

from living and dead cells via active secretion or passive release.

Despite the RNase-rich environment of blood, circulating miRs

remain stable [36], protected within extracellular vesicles or bound

to RNA-binding proteins [37, 38]. As conserved regulators of gene

expression, miRs serve as dynamic biomarkers that reflect disease

stages [39]. In heart failure studies, circulating miRs significantly

improved the diagnostic power of NT-proBNP, which may be

particularly beneficial for identifying heart failure with preserved

ejection fraction, where standard clinical assessment, imaging, and

NT-proBNP alone may not be definitive [40, 41].

MiRs in HCM

Studies in animal and human tissues indicate that miRs

significantly influence HCM [39, 42–48]. Several miRs, such

as miR-1, -21, -30b, -132, -133a, -133b, -150, -199a-3p, and

-486-3p, consistently show altered expression across at least two

independent studies, suggesting a role in HCM development [39,

45, 47]. Plasma miR levels may reflect myocardial pathology, and

around 30 circulating miRs have been identified as potential

HCM biomarkers. However, the diagnostic accuracy of

individual circulating miRs remains moderate [34].
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Recent research has expanded miR panels to improve

diagnostic accuracy. A six-miR set, including miR-181a-5p,

-181c-5p, -328-3p, -301a-3p, -193b-3p, and -142-3p,

outperformed individual miRs and differentiated sarcomeric

variant carriers with and without the HCM phenotype with

high statistical significance [23]. In a larger study involving

555 patients, transcriptomic profiling of 1,141 miRs identified

a panel of 20+ circulating miRs that effectively discriminated

HCM from hypertensive LV hypertrophy. Subsequent pathway

analysis linked these miRs to key signaling pathways, including

Ras-MAPK [22].

In our study, patients harbouring disease-causing MYH7

variants had significantly higher plasma levels of miR-499a-5p

compared to those with other sarcomeric variants, genotype-

negative patients, and healthy controls [49]. MiR-499 is part of

the “myo-miRs,” encoded by introns of cardiac myosin genes,

including MYH7. These genes regulate muscle function by

controlling the expression of both contractile proteins and

regulatory miRs [50]. This finding supports a gene-oriented

approach to studying miRs, as different genetic backgrounds

may lead to distinct miR profiles that influence the

disease phenotype.

Limitations of circulating miRs for
biomarkers

While circulating miRs hold promise as biomarkers, several

challenges must be addressed before their clinical application.

Unlike miRs measured in tissues, which can be cell-type-specific

[51], circulating miRs often do not provide clear tissue- or

disease-specific signals. Of the 2,600+ miRs identified, only a

few - such as miR-1, -133a, -208a/b, and -499 - are categorized as

cardiac-specific [52]. Inconsistencies in miR profiles between

studies complicate their reliability as biomarkers. This variability

may stem from differences in cohort characteristics,

methodological processes, or the complex nature of miR

regulation, where miRs typically have modest effects on many

targets rather than having a dramatic impact on single genes.

However, the combined effects of miRs on targets within a shared

pathway can be synergistic [53], suggesting that miR panels,

rather than individual miRs, could enhance diagnostic accuracy.

Further challenges and solutions are detailed elsewhere [34, 54].

Microanatomical features of HCM as
a research field

Microanatomical changes in the myocardium, such as

fibrosis, disarray, and MVD, are closely associated with HCM

and its major clinical outcomes, as demonstrated in early

histological studies [2–6], making them attractive substrates

for the discovery of non-invasive biomarkers. Importantly,

these changes are not merely secondary to LV hypertrophy

but are also present in non-hypertrophied LV segments [55]

and at the preclinical stage [56–58]. In mouse models, early

administration of mavacamten, a first-in-class cardiac myosin

inhibitor, suppressed the development of myocardial disarray

and fibrosis by attenuating hypertrophic and profibrotic gene

expression [59]. This highlights the role of specific signaling

pathways in these adverse microanatomical changes in HCM.

The identification of miR signatures associated with these

features appears to be a promising avenue for HCM research.

Non-invasive myocardial characterization
with CMR imaging

CMR tissue characterization techniques offer a non-invasive,

radiation-free assessment of fibrosis, microstructure, and

microvascular health in HCM, with ongoing research

improving their clinical utility.

Late gadolinium enhancement (LGE) is widely used to

demonstrate replacement fibrosis, indicating scar tissue

resulting from cardiomyocyte death. In contrast, interstitial

fibrosis, which represents increased extracellular matrix and

volume (ECV) without the pre-requisite cardiomyocyte death,

is best evaluated using native T1-mapping and ECV

measurements [60]. Both LGE (2-standard deviation technique)

and T1/ECV-mapping have been histologically validated to

accurately reflect myocardial fibrosis and collagen volume [6,

61–65]. Cardiac diffusion tensor imaging (cDTI) is an

innovative CMR technique that assesses myocardial

microstructure by mapping water diffusion along muscle fibers

[66]. This method may reveal myocyte disarray, as demonstrated

in preclinical models [67], although histological validation in

humans is still needed. MVD can be assessed through perfusion

CMR imaging, which quantifies myocardial blood flow,

myocardial perfusion reserve, and perfusion defects [68]. It is

important to adjust perfusionmaps for LGE, as LGE contributes to

resting perfusion defects in 30% of patients, potentially

confounding the assessment of ischemic burden in HCM [69].

Although CMR-derived tissue parameters display specific

features, they are not pathognomonic for HCM and can also be

seen in other conditions. Caution is needed, as, for instance,

markers like T1 relaxation time and ECVmay reflect amyloidosis

or edema. Tissue findings on CMR should be interpreted in the

context of HCM and in conjunction with other markers, such as

LV hypertrophy or the presence of sarcomere mutation.

The clinical application of CMR tissue markers in HCM is

currently limited to fibrosis detection. The distribution and

severity of focal and interstitial fibrosis aid in differentiating

HCM from its phenocopies, such as Fabry disease and

amyloidosis [70]. Extensive replacement fibrosis is increasingly

recognized as a prognostic marker for SCD and all-cause

mortality [71], with LGE >15% of LV mass now serving as a
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second-line indication for implantable cardioverter-defibrillators

[17, 72]. T1 mapping assists in distinguishing HCM from

hypertensive LV hypertrophy [73], while ECV has been

associated with heart failure outcomes [74]. An ongoing large

observational study (NCT01915615), integrating genetic, blood,

and CMR markers - including LGE, T1 mapping, and ECV - is

likely to offer further insight into their prognostic capabilities in

HCM [75]. CMR-based assessment of MVD and myocardial

disarray remains research-focused and is not yet part of the

etiological diagnosis of HCM. However, to date, cDTI, although

in need of technical improvements [66], has demonstrated the

ability to discriminate preclinical HCM from healthy controls

[67], and its correlation with ventricular arrhythmias highlights

its prognostic potential alongside LGE and ECV [65].

CMR tissue characterization
techniques as a research tool in HCM

CMR, with its ability to accurately track pathological processes

in the myocardium, is increasingly used in clinical trials of new

therapeutics for non-ischemic cardiomyopathies [76]. CMR

imaging series serve as surrogate markers of treatment efficacy

and, as a merit, provide mechanistic insights into the molecular

pathways of natural (placebo group) and treatment response over

shorter time periods. In HCM, cardiac myosin inhibitors have

been evaluated in clinical trials using surrogate clinical and

imaging endpoints. The EXPLORER-HCM CMR substudy

showed significant reductions in LV mass, wall thickness, and

left atrial volume index, suggesting that mavacamten alters HCM

pathophysiology [20]. Meanwhile, LGE and ECV were not

significantly changed, supporting the irreversible nature of

myocardial fibrosis. Recent research by Joy et al. showed

associations of CMR-derived disarray and MVD with stages of

phenotype evolution [67], suggesting potential future applications

of these techniques in HCM research before and after therapeutic

interventions. Notably, in overt disease, the presence versus

absence of sarcomeric mutation has different effects on

microstructure and microvasculature [67]. Stress perfusion

CMR has recently been used as a validation tool for another

potentially more cost-effective and clinically practical marker of

MVD – impaired myocardial work on echocardiogram [77].

CMR techniques for discovery of
circulating biomarkers in HCM

Several conventional blood biomarkers have been shown in

association with CMR-derived tissue characteristics, particularly

LGE [15]. NT-proBNP and troponin T exhibit positive

correlations with increasing LGE and ECV levels in a graded

manner [78, 79]. Other biomarkers linked to necrosis (troponin

I), fibrosis (matrix metalloproteinase-9, endostatin, apelin),

inflammation and apoptosis (high sensitivity C-reactive

protein, TNF-alpha), and endothelial dysfunction (big

endothelin-1) show correlations with LGE and MVD [15],

although validation in larger studies is required.

Proteomic and transcriptomic studies aimed at identifying

biomarker signatures associated with adverse myocardial

changes observed on CMR are a relatively new line of

research. However, several studies have already been

conducted in various conditions, including HCM.

A large study in healthy individuals identified a circulating

protein signature associated with interstitial fibrosis. Prospective

follow-up using progression to heart failure as an endpoint may

provide validation for the discovered protein panel [80]. In patients

with heart failure and preserved LV ejection fraction, unique

biomarker patterns correlated with ECV (7 proteins) and

myocardial perfusion reserve (6 proteins) [81]. In HCM,

quantitative proteomics identified a six-biomarker panel related

to myocardial substrate changes and SCD risk, with five of the six

biomarkers elevated in subclinical HCM patients [24]. Proteomic

profiling of 701 patients with sarcomeric HCM identified

circulating biomarkers associated with adverse imaging and

clinical phenotypes, including LGE [82].

A complementary CMR and transcriptome profiling approach

identified a circulating miR signature as a biomarker for LGE-

positive cardiomyopathy inmuscular dystrophy [83]. In HCM, the

relationship between miRs and tissue CMR parameters has been

investigated in six studies, all of which had relatively small sample

sizes and primarily focused on fibrosis, employing LGE and T1-

mapping techniques [48, 84–88] (Table 1). Several candidate

individual miRs with moderate to strong diagnostic value have

been identified. Notably, the study by Fang et al. demonstrated the

significant superiority of miR panels over single miR markers for

diagnostic purposes. In that study, individual miRs showed

moderate diagnostic performance for interstitial fibrosis (AUC

0.663–0.742), while combining eight miRs substantially improved

the diagnostic accuracy (AUC 0.87) [84].

Discussion

MiRs are promising biomarkers, as their altering profiles can

reflect distinct molecular processes in the heart. Given the

heterogeneity of HCM, likely due to a cascade of molecular and

structural changes, it is essential to investigate biomarkers across all

stages of the disease. Before the onset of overt LVhypertrophy,HCM

is characterized by abnormalities in myocardial microstructure,

which emphasize their relevance in early pathogenesis. We

presume that circulating molecules associated with these specific

changes could be the strong candidates for further validation in

larger studies as both disease-specific and prognostic biomarkers.

Given the limitations and biases of myocardial biopsy, CMR

serves as a valuable tool for cardiac research. Advanced CMR

technologies, currently being validated in preclinical models and
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human histology, enable the non-invasive visualization and

quantification of myocardial microanatomical changes at all

stages of the disease, including the preclinical phase. Preclinical

HCM appears to be of particular interest for biomarker discovery,

offering a unique opportunity to explore ncRNA signatures and

potentially uncover disease-specific pathways without the

confounding influence of secondary changes related to

hemodynamic abnormalities. The expanding availability of

genetic testing, including cascade family screening, is facilitating

the identification of mutation carriers, making such studies

feasible. When conducting discovery studies in overt HCM, the

genotype of patients should be considered, as both miRs and

myocardial microstructure are sensitive to the genotype status.

Novel HCM therapeutics, such as myosin inhibitors and gene

editing, hold the potential to reverse the disease phenotype.

Incorporating candidate miR panels into such self-controlled

trials could enhance biomarker discovery by identifying those

that reflect reversible adverse myocardial changes. A

complementary imaging and genome-based biomarker approach

could deeper insights into the complex underlying processes and

identify novel targets for emerging therapeutic technologies.

HCM is a slowly progressive disease with a low event rate,

making prospective studies is costly and time-consuming.

Nevertheless, longitudinal studies with adequate sample size are

essential to evaluate the prognostic power of candidate miR panels.

Although conducting such studies in HCM is challenging, growing

awareness and diagnostic expertise among professionals, emerging

international cardiomyopathy collaborations, and advances in

potentially curative therapies foster optimism.

Besides miRs, there are two other types of ncRNAs in the

scope of interest in HCM: long non-coding RNAs (lncRNAs),

which account for 80%–90% of all ncRNAs, and circular RNAs

(circRNAs), a newer class of ncRNAs known for their stability

due to a closed ring structure [89, 90]. To the best of our

knowledge, only one study has investigated myocardial

fibrosis in HCM by integrating CMR with relevant circulating

lncRNAs [88]. This field remains largely unexplored, and

significant efforts are required to advance our understanding.

Conclusion

Enhanced myocardial characterization and staging of HCM

using advanced CMR techniques holds promise for identifying

circulating miRs as biomarkers. MiR signatures associated with

adverse microanatomical changes detected by CMR could be the

strong candidates for longitudinal validation studies. To ensure

comprehensive and reliable results, future research should

consider patients’ genetic status.
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TABLE 1 Studies aimed at identifyingMiR biomarkers associatedwith adversemyocardial changes observed onCMR in hypertrophic cardiomyopathy.

CMR tools Studying myocardial
characteristics

RNA class Number of
patients

Main conclusion Ref

Postcontrast
T1 mapping

Diffuse fibrosis if
T1 time <470 ms

Circulating miRs 63 (+4 controls) Individual miRs had moderate diagnostic value (AUC:
0.663–0.742), but combination of 8 miRs greatly improved
diagnostic value (AUC 0.87) for the presence of diffuse
fibrosis; 11 miR levels inversely correlated with T1 time

[84]

LGE Focal fibrosis Myocardial miRs 21 (+4 controls) MiR-642a-3p expression was positively correlated to the
quantification of LGE (r = 0.467)

[85]

LGE Focal fibrosis Circulating miRs 41 (+41 controls) MiR-29a is significantly associated with both
hypertrophy and fibrosis (r = 0.691)

[86]

LGE Focal fibrosis Circulating miRs 24 (+11 controls) Elevated miR-4454 levels were significantly correlated with
cardiac fibrosis (r = 0.560)

[87]

LGE Focal fibrosis Myocardial and
circulating miRs

42 (+30 controls) Circulating miR-221 is consistent with that in myocardial
tissue, and correlated with myocardial fibrosis and

hypertrophy (r = 0.630, AUC:0.764)

[48]

LGE Focal fibrosis Circulating miRs
and lncRNAs

69 LncRNA-MIAT might be associated with the development
of fibrosis in HCM via negatively regulating the expression

of miR-29a (AUC:0.810)

[88]

CMR, cardiac magnetic resonance; RNA, Ribonucleic acid; LGE, late gadolinium enhancement; miR, microRNA; lncRNA, long-noncoding RNA.
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Abstract

Aldehyde dehydrogenase 1, family member A2, is a retinoic acid-synthesizing

enzyme encoded by Aldh1a2 in mice and ALDH1A2 in humans. This enzyme is

indispensable for kidney development, but its role in kidney physiology and

pathophysiology remains to be fully defined. In this review, we mined single-

cell and single-nucleus RNA sequencing databases ofmouse and human kidneys

and found that glomerular parietal epithelial cells (PECs) express a full set of genes

encoding proteins needed for cellular vitamin A uptake, intracellular transport,

and metabolism into retinoic acid. In particular, Aldh1a2/ALDH1A2 mRNAs are

selectively enriched in mouse and human PECs. Aldh1a2 expression in PECs is

greatly increased in a mouse model of anti-glomerular basement membrane

glomerulonephritis and moderately induced in a mouse model of ischemia-

reperfusion acute kidney injury. Aldh1a2 expression in PECs is substantially

repressed in a chronic kidney disease mouse model combining diabetes,

hypertension, and partial nephrectomy and is moderately repressed in mouse

models of focal segmental glomerulosclerosis and diabetic nephropathy. Single-

nucleus RNA sequencing data show that ALDH1A2 mRNA expression in PECs is

diminished in patients with chronic kidney disease associated with diabetes,

hypertension and polycystic kidney disease. In addition to data mining, we

also performed Spearman’s rank correlation coefficient analyses and identified

gene transcripts correlatedwith Aldh1a2/ALDH1A2 transcripts inmouse PECs and

PEC subtypes, and in human PECs of healthy subjects and patients with AKI or

CKD. Furthermore, we conducted Gene Ontology pathway analyses and

identified the biological pathways enriched among these Aldh1a2/ALDH1A2-

correlated genes. Our data mining and analyses led us to hypothesize that

ALDH1A2-mediated retinoic acid synthesis in PECs plays a yet-undefined role

in the kidney and that its dysregulation mediates injury. Conditional, PEC-
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selective Aldh1a2 knockout, RNA silencing and transgenic mouse models will be

useful tools to test this hypothesis. Clinical studies on genetics, epigenetics,

expression and functions of ALDH1A2 and other genes needed for retinoic acid

biosynthesis and signaling are also warranted.

KEYWORDS

Aldh1a2, retinoic acid, scRNA-seq, snRNA-seq, acute kidney injury, chronic kidney
disease, rapidly progressive glomerulonephritis, parietal epithelial cells

Impact statement

In mice, the Aldh1a2 gene is indispensable for kidney

development. In humans, loss-of-function mutations of

ALDH1A2 are not tolerated and partial loss-of-function

mutations lead to severe developmental problems in multiple

organs, including the kidney. However, the exact kidney cell

types that express Aldh1a2/ALDH1A2 in adult kidneys and the

roles of retinoic acid signalling in these cells are poorly understood.

By mining the latest scRNA-seq and snRNA-seq databases of

mouse and human kidneys in health and disease, we highlight

glomerular PECs as the major site of Aldh1a2/ALDH1A2

expression and this expression is differentially dysregulated in

different kidney diseases. We hypothesize that normal ALDH1A2-

mediated retinoic acid synthesis in PECs plays important roles in

maintaining kidney health and defending against disease. Further

experimental and clinical studies against this hypothesis may lead

to novel strategies for stratified diagnosis, cost-effective prevention,

and efficacious treatment of kidney diseases.

Introduction

Aldehyde dehydrogenase 1 family member A2 (Aldh1a2/

ALDH1A2) is an enzyme that catalyzes the second-step

oxidation of vitamin A (retinol) and the irreversible

conversion of retinaldehyde to retinoic acid (RA). In mice, the

enzyme is encoded by Aldh1a2, which is indispensable for kidney

development [1, 2]. In humans, the enzyme is encoded by

ALDH1A2, an intronic variant of which causes increased

enzyme activity and is associated with increased serum RA

and newborn kidney size [3]. On the other hand, biallelic

partially loss-of-function ALDH1A2 coding variants result in

severe congenital anomaly syndromes, including small kidneys

and neonatal lethality [4, 5]. In addition, non-coding ALDH1A2

variants reduce ALDH1A2 expression in chondrocytes and

contribute to severe hand osteoarthritis in adults [6]. This is

in keeping with the notion that RA biosynthesis may continue to

be active in post-natal life and may play cell-type specific roles

[7]. However, whether Aldh1a2 and ALDH1A2 play any roles in

kidney health and disease remains to be fully characterized. To

address this issue, we mined single-cell RNA sequencing

(scRNA-seq) and single-nucleus RNA sequencing (snRNA-

seq) databases (Table 1) to evaluate Aldh1a2/ALDH1A2

expression in different kidney cell types in mice and humans

and examine how expression changes in kidney diseases. It is

hoped that these data will facilitate generating hypotheses on the

role of Aldh1a2 and ALDH1A2 in kidney health and disease and

will guide in devising strategies for further studies. Our analytical

workflow is illustrated in Figure 1.

TABLE 1 Databases explored in the present study.

Database category and name Website Date of last access

Mouse databases

Kidney Cell Explorer [8] https://cello.shinyapps.io/kidneycellexplorer/ 6th Feb. 2024

Mouse PEC Landscape [9] https://wenbinliu.shinyapps.io/mouse_PECs/ 6th Feb. 2024

Kidney Interactive Transcriptomics
1 million cell atlas of mouse DKD and its treatments [10]
Mouse IRI Kidney [11]

http://humphreyslab.com/SingleCell 6th Feb. 2024
6th Feb. 2024

Human databases

KPMP Human Kidney Tissue Atlas [12] https://atlas.kpmp.org/explorer/dataviz 6th Feb. 2024

Kidney Interactive Transcriptomics
Human DKD snRNA + scATAC-seq [13]
Human ADPKD snRNA + scATAC-seq [14]

http://humphreyslab.com/SingleCell 6th Feb. 2024
6th Feb. 2024

Susztaklab Kidney Biobank [15] https://susztaklab.com/hk_genemap/snRNA 6th Feb. 2024

Human Protein Atlas [16] https://www.proteinatlas.org/ENSG00000128918-ALDH1A2/tissue/kidney# 6th Feb. 2024
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Data from mouse models

While mining the scRNA-seq database, Mouse Kidney Cell

Explorer (Table 1), we discovered that healthy mouse PECs

expressed Stra6, Rbp1 and Aldh1a2, in a selective manner

compared to other kidney cell types and did so at relatively

high levels. These genes respectively encode a retinol uptake

receptor, an intracellular retinol-binding protein and an enzyme

catalyzing retinaldehyde conversion to retinoic acid (RA)

(Figures 2A, B) [8]. Mouse PECs also manifested abundant

expression of the ubiquitously expressed Rdh10, which

encodes the main enzyme converting retinol to retinaldehyde.

Hence, mouse PECs are likely active in RA synthesis.

As Aldh1a2/ALDH1A2 is the main enzyme catalyzing the

final step of RA biosynthesis, we are particularly interested its

expression and function. We hypothesize that Aldh1a2/

ALDH1A2 in PECs, through catalyzing RA biosynthesis, play

important roles in kidney health, and that their dysregulation

contributes to kidney disease. To address this hypothesis, we

gathered experimental evidence from published mouse models of

acute kidney injury (AKI) and chronic kidney disease (CKD),

particularly those manifesting injury to, or activation of, PECs

and/or podocytes, e.g., anti-glomerular basement membrane

(GBM) glomerulonephritis, which often manifests as rapidly

progressive glomerulonephritis (RPGN); primary podocyte

diseases minimal change disease (MCD) and focal segmental

glomerulosclerosis (FSGS), which often manifest as nephrotic

syndrome. We also examined the data for mouse models of

diabetic nephropathy, which may manifest podocyte injury and

is the most common CKD in the developed world.

FIGURE 1
Analytical workflow of our data analyses and findings.
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FIGURE 2
Mouse PECs have high Stra6, Rbp1 and Aldh1a2mRNA expression, which is further induced in anti-GBM glomerulonephritis mice. (A) Diagram
illustrates roles of Aldh1a2, Stra6, Rbp1 and Rdh10 proteins in the retinol metabolon. RA: retinoic acid. Pink shades indicate selective Aldh1a2, Stra6
and Rbp1mRNA expression in mouse PECs. (B)Mouse renal scRNA-seq data were extracted from the Kidney Cell Explorer website. Relative average
expression levels are color-coded (red > yellow > blue) with the highest expression normalized as 1. PT1, PT2 and PT3 denote segments 1, 2 and

(Continued )
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Analysis of the Mouse PEC Landscape database containing

scRNA-seq gene expression data for PECs from healthy mice and

mouse models of kidney disease [9] (Table 1) revealed that

Aldh1a2 expression in PECs increased substantially in murine

anti-GBM glomerulonephritis, on day 5 after intravenous

injection of sheep anti-rat glomeruli serum (Figure 2C). In

contrast, the expression of Aldh1a3 decreased, while no

change in Aldh1a1 expression was observed in this model.

Hence, Aldh1a2 likely plays the main role in PECs in this

anti-GBM glomerulonephritis mouse model, although

Aldh1a1, -2 and -3 isoenzymes all accomplish the final step of

RA biosynthesis. Given that PECs play major roles in anti-GBM

glomerulonephritis [17], it is compelling to further examine the

expression and role of Aldh1a2 in PECs in health and in anti-

GBM glomerulonephritis.

As shown in Figure 2D, mouse PECs can be subdivided into

five sub-types: PEC-A1 (podocyte progenitor), PEC-A2

(common PEC), PEC-A3 (proliferative PEC contributing to

crescent formation), PEC-A4 (tubular progenitor) and PEC-B

(pro-fibrogenic PECs). PEC-A1, A2, A4 and PEC-B are present

in both healthy and diseased kidneys, while PEC-A3 only have

been found in murine anti-GBM glomerulonephritis [9]. We

compared Aldh1a2, Stra6, Rbp1 and Rdh10mRNA expression in

these PEC subtypes. As shown in Figure 2E, PEC subtypes differ

in basal expression of Aldh1a2: the highest Aldh1a2 expression

was observed in PEC-A2 in wild-type healthy control mice.

Wild-type healthy control mouse PEC-A2 also have higher

expression of Rbp1 compared with other PEC sub-types. In

contrast, wild-type healthy mouse PEC-B had the lowest

expression of Aldh1a2. As shown in Figure 2F, in anti-GBM

glomerulonephritis mice, Aldh1a2 expression was progressively

and greatly induced in PEC-B, mildly increased in PEC-A2, and

was substantially higher on day 5 than on day 1 in PEC-A3 cells,

but expression did not change in PEC-A1 cells. Consequently, by

day 5, PEC-B cells became the PEC subtype with the highest

expression of Aldh1a2. PEC-B cells are a minor PEC subtype in

healthy mice but numbers increase progressively and become the

major PEC subtype in anti-GBM glomerulonephritis mice by day

5 [9]. It will be important to determine the role of Aldh1a2 in

PEC-B in anti-GBM glomerulonephritis. Supporting the concept

that increased Aldh1a2 expression in PEC-B plays particular

roles by catalyzing retinol activation and RA synthesis, the

substantial progressive induction of Aldh1a2 expression in

PEC-B paralleled the similar, progressive induction of Rbp1

and Rdh10 expression in PEC-B (Figure 2F).

PEC-A2 not only had the highest basal expression of Aldh1a2

and Rbp1 but also manifested relatively high expression in mouse

anti-GBM glomerulonephritis on days 1 and 5, suggesting that

RA signaling in PEC-A2 may also contribute to pathogenesis. In

PEC-B, PEC-A3 and PEC-A4, Aldh1a2, Rbp1 and Rdh10

expression increased on day 5 versus day 1. This suggests that

RA signaling in these PEC subtypes may play particular roles in

the later stage of anti-GBM glomerulonephritis. In contrast,

PEC-A1 had little Aldh1a2, Rdh10, Stra6 and Rbp1 expression

in control mice and on day 1 of anti-GBM glomerulonephritis

but had higher Rdh10 mRNA expression on day-5 compared to

day-1 in anti-GBM glomerulonephritis (Figure 2F).

PECs have intimate crosstalk with podocytes and may

contribute to FSGS pathogenesis [18]. Towards

understanding whether RA signaling might play a role in

experimental FSGS, we compared Aldh1a2, Stra6, Rbp1 and

Rdh10 mRNA expression in different PEC subtypes in FSGS

mouse models, induced either by doxorubicin or by Cd2ap gene

knockout, compared to healthy control mice. As shown in

Supplementary Figure S1, expression of Aldh1a2, Stra6, Rbp1

and Rdh10 in PEC sub-types was not induced in mouse models

of FSGS and, instead, showed a trend toward repression in some

PEC subtypes in the disease models.

Next, we searched the Kidney Interactive Transcriptomics

database (Table 1), particularly focusing on data from a recent

scRNA-seq study of a multifactorial CKD model in female mice

in comparison with female wild-type control mice — the CKD

model (AAV mice) was characterized by obesity and diabetes

caused by a homozygous point mutation in the gene for the leptin

FIGURE 2 (Continued)
3 of proximal tubule; F: female; M: male. (C) ScRNA-seq analysis of mouse PECs revealed distinct changes in mRNA expression of Aldh1a1,
Aldh1a2 and Aldh1a3 in anti-GBM glomerulonephritis mice compared to healthy controls. Dot sizes indicate the relative proportion of PECs
expressing the specific Aldh1a isoform, while the relative expression levels are color-coded, shown on a spectrum of blue (low expression) to red
(high expression). To facilitate comparison, control and anti-GBM glomerulonephritis mice from day-1 and day-5 samples, among others, are
highlighted by rectangle selection and text description. Nephritis_Control: samples of the control mice; Nephritis_GBM: samples of the anti-GBM
glomerulonephritis mice. Other groups are irrelevant to studies of the anti-GBMglomerulonephritis mice but are nonetheless shown to demonstrate
the specificity of the changes observed in the anti-GBM glomerulonephritis mice. (D) Diagram illustrates different PEC subtypes, among other
glomerular cell types, adapted from Liu et al 2023 [9]. (E) ScRNA-seq analysis of PEC subtypes inwild-type and healthy control mice revealed differing
levels of physiological mRNA expression of Aldh1a2, Stra6, Rbp1 and Rdh10. The bubble plot shows expression levels of Aldh1a2, Stra6, Rbp1 and
Rdh10 in different PEC subtypes. Dot sizes indicate the proportion of PECs expressing a specific gene and brighter blue color indicates higher
expression levels. The highest expression of Aldh1a2 in PEC-A2 is highlighted by green rectangle selection; higher expression of Rbp1 in PEC-A2 and
PEC-B is highlighted by blue rectangle selection, while higher expression of Stra6 and Rdh10 in PEC-A4 is indicated by purple rectangle selection. (F)
ScRNA-seq analysis of healthy control versus anti-GBM glomerulonephritis mice (day 1 and 5) revealed different changes in mRNA expression of
Aldh1a2, Stra6, Rbp1 and Rdh10 in PEC subtypes. Dot sizes indicate the proportion of PECs expressing a specific gene; brighter blue color indicates
higher expression levels. The trend of increase in expression is indicated by green arrows pointing to the higher expression. Cd2ap_WT are wild-type
control mice for comparison with Cd2ap knockout mice (Supplementary Figure S1); Nephritis_Control: control mice RNA expression; Nephritis_
GBM: anti-GBM glomerulonephritis mouse RNA expression.
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receptor (db/db), hypertension induced by adeno-associated

virus mediated renin transgene combined with unilateral

nephrectomy [10]. In healthy control mice (db/m), selective

high expression of Aldh1a2, and low level expression of

Aldh1a1 and Aldh1a3, were found in PECs (Figures 3A–C).

Aldh1a2 expression in PECs and Aldh1a3 expression in the

collecting duct principal cells (PCs) were markedly repressed

in the CKD model (AAV mice). Neither was effectively rescued

by a peroxisome proliferator-activated receptor (PPAR)-γ
agonist, an angiotensinogen converting enzyme inhibitor, a

sodium-glucose cotransporter-2 inhibitor, or combined

therapies (Figures 3A, B) [10].

Because Aldh1a2 and Aldh1a3 are the major RA synthesizing

enzymes in PECs and PCs, respectively, repressed expression

could cause reduced RA activity in these cells. Exposure of

cultured PCs to media containing aldosterone, angiotensin II

or high glucose repressed retinoic acid receptor (RAR)-

dependent RA signaling [19]. Thus, repression of Aldh1a3

expression in PCs by these (and other) CKD mediators is a

plausible mechanism for the repressed RA/RAR signaling

pathway in PCs in this complex, but clinically relevant, CKD

murine model.

As our previous work has shown that RA/RAR activities in

PCs show opposite responses to acute versus chronic kidney

injury stimuli [19], we asked whether Aldh1a2 expression in

PECs might also change differentially in AKI versus CKD. By

further exploring the Kidney Interactive Transcriptomics

database, we found that Aldh1a2 in PECs, and Aldh1a1 and

Aldh1a3 expression in medullary PCs (PC2) were induced in

male mice subjected to ischemia-reperfusion AKI. Further,

Aldh1a1 expression in male fibroblasts was repressed at 12 h

after ischemia-reperfusion, had recovered at 2 days, and was

again repressed at 2–6 weeks (Figures 3D–F) [11]. These were in

contrast with findings in female CKD mice, in which Aldh1a2

expression in PECs and Aldh1a3 expression in PCs were both

repressed (Figures 3A, B). It deserves further exploration whether

these differences are due to opposite effects of AKI and CKD, or

due to other factors, e.g., sex.

FIGURE 3
Aldh1a1, Aldh1a2 and Aldh1a3 expression in kidney cells of female healthy and CKD mice, and of male healthy and AKI mice induced by
ischemia-reperfusion. (A–C) show Aldh1a2, Aldh1a3 and Aldh1a1mRNA expression in the CKD study and (D–F) show Aldh1a2, Aldh1a3 and Aldh1a1
mRNA expression in the AKI study. Dot sizes indicate the proportion of cells expressing a particular gene. Expression levels are color-coded. Red and
blue arrowheads point to gene expression in PECs and PCs, respectively, while the expression levels of fibroblasts are marked by black asterisks.
As shown in (A–C), neither repression of Aldh1a2 expression in PECs and Aldh1a3 expression in medullary PCs (PC2), nor induction of Aldh1a1
expression in fibroblasts in the AAV mice (a CKD model characterized by hypertension induced by unilateral nephrectomy and adeno-associated
virus mediated renin transgene in db/db mice) versus in that of healthy controls (db/m) was effectively rescued by various treatment regimens,
especially at the 2-week time point. ACEi: CKD treated with angiotensinogen converting enzyme (ACE) inhibitor; Rosi: CKD treated with PPARγ
pharmacological agonist rosiglitazone; SGLT2i: CKD treated with sodium-glucose cotransporter-2 inhibitor; ACEi + Rosi: CKD treated with ACE
inhibitor and the thiazolidinedione rosiglitazone; ACEi + SGLT2i: CKD treated with an ACE inhibitor and an SGLT2 inhibitor. As shown in (D–F), in the
setting of AKI, Aldh1a2 expression in PECs and fibroblasts, Aldh1a3 expression in PC2, and Aldh1a1 expression in PC2 were all induced, while Aldh1a1
expression in fibroblasts was repressed in a biphasic fashion. The Y-axis presents data from control mice and experimental group mice from 4 h to
6 weeks after ischemia-reperfusion injury. Data were downloaded with permission from Kidney Interactive Transcriptomics [10, 11].
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Data from human studies

The Kidney Precision Medicine Project (KPMP), part of the

Human BioMolecular Atlas Program [20], has recently published

the online Human Kidney Tissue Atlas (Table 1), containing

scRNA-seq and snRNA-seq analyses of kidney tissues from

healthy subjects and patients with AKI and CKD [12]. Both

scRNA-seq and snRNA-seq indicated that PECs had the highest

expression of ALDH1A2 mRNA among all kidney cell types

(Figures 4A, B). In the scRNA-seq dataset, only PECs, thick

ascending limb (TAL) cells and degenerated proximal tubule

epithelial cells and descending thin limb (DTL) cells differentially

expressed ALDH1A2 mRNA, with PECs having the highest

cellular expression percentage (35%) and the highest mean

expression level (Supplementary Table S1). In the snRNA-seq

dataset, ALDH1A2was differentially expressed in PECs and a few

other cell types, with PECs having the highest percentage (88%)

and mean expression level (Supplementary Table S2). In the

scRNA-seq and snRNA-seq datasets, ALDH1A2 was the No. 129

(Supplementary Table S3) and No. 1 (Supplementary Table S4)

most differentially expressed gene in PECs, respectively.

Further supporting highly cell-specific and abundant

expression of ALDH1A2 mRNA in healthy human PECs, the

Kidney Interactive Transcriptomics snRNA-seq datasets from

FIGURE 4
scRNA-seq and snRNA-seq analysis shows that selective high expression of ALDH1A2 expression in PECs in healthy subjects is repressed in
patients with CKD. (A,B) Shown are the reference uniform manifold approximation and projection (UMAP) data, the UMAP illustration of ALDH1A2
expression of the scRNA-seq, and the snRNA-seq data, respectively. The names and positions of particular cell types are shown as distinct clusters in
the reference UMAPs (left). The normalized and log transformed expression of ALDH1A2mRNA in these clusters are color-coded and shown in
the right panels. Arrows point to the PEC clusters. The data are downloaded from the Human Kidney Tissue Atlas (https://atlas.kpmp.org/explorer/
dataviz) of the Kidney Precision Medicine Project with permission [12]. Accessed on 6th February 2024. Funded by the National Institute of Diabetes
and Digestive and Kidney Diseases (Grant numbers are listed in the table key to Supplementary Table S1). (C) shows snRNA-seq analysis of ALDH1A1,
ALDH1A2 and ALDH1A3 expression in healthy subjects and patients with diabetic kidney disease (DKD) and late-stage ADPKD (PKD). Dot sizes
indicate the proportion of cells expressing a particular gene; relative gene expression levels are color-coded. The web link shows the source of the
displayed information. Red arrowheads point to the mRNA expression in PECs. Data were downloaded with permission from Kidney Interactive
Transcriptomics [13, 14].
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FIGURE 5
Top genesmost significantly correlatedwith Aldh1a2/ALDH1A2 expression inmouse and human PECs. Illustrations of top gene transcripts most
significantly correlated with the Aldh1a2 transcript in all mouse PEC subtypes in the Mouse PEC Landscape dataset (Supplementary Tables S10.1 and
10.2) and gene transcriptsmost significantly correlated with the ALDH1A2 transcript in all human PECs in both scRNA-seq and snRNA-seq datasets of
the KPMP Human Kidney Tissue Atlas (Supplementary Tables S11.1–11.4). (A,B) ScRNA-seq scatter plots showing the gene transcripts that are

(Continued )
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the Humphrey Lab and the snRNA-seq dataset of the Susztak Lab

(Table 1) both reported that over 80% PECs had positive

expression of ALDH1A2 mRNA (Figure 4C; Supplementary

Table S5) [13–15]. The selective, high physiological ALDH1A2

mRNA expression in human PECs contrasts with the low

physiological ALDH1A3 expression in all renal cells, including

PECs, and the ubiquitous expression of ALDH1A1 in most renal

cells and modest expression in PECs (Figure 4C). Hence, both

scRNA-seq and snRNA-seq studies support ALDH1A2 as

selectively expressed at the mRNA level in healthy human PECs.

Next, we queried the KPMP datasets for ALDH1A2

expression in healthy subjects (Supplementary Tables S1, S2)

and CKD patients (Supplementary Tables S6, S7). A moderate

reduction in ALDH1A2-expressing percentages in PECs was

found in CKD patients compared to healthy controls, both in

scRNA-seq (27% vs. 35%) and snRNA-seq datasets (77% vs.

88%). In subjects with AKI, however, this trend was observed in

the scRNA-seq (25%), but not the snRNA-seq dataset (89%)

(Supplementary Tables S8, S9).

To further examine how ALDH1A2 mRNA expression in

PECs changes in CKD patients, we assessed the Kidney

Interactive Transcriptomics snRNA-seq analysis of patients

with mild to moderate diabetic nephropathy and end-stage

autosomal dominant polycystic kidney disease (ADPKD), and

the Susztak Lab snRNA-seq analysis of kidney tissues from

patients with CKD associated with diabetes or hypertension

(Table 1) [13–15]. A reduction in ALDH1A2 mRNA

expression in PECs was observed in all these CKD subject

cohorts, compared with healthy controls (Figure 4C;

Supplementary Table S5).

Integrated analysis of Aldh1a2/
ALDH1A2 and other genes in mouse
and human PECs

Understanding how Aldh1a2/ALDH1A2 expression

correlates with that of other genes in PECs might direct

further causal studies to identify up- and downstream genes

of Aldh1a2/ALDH1A2 and other genes that are co-regulated for

physiological or pathophysiological reasons. To this end, we

analyzed the Mouse PEC Landscape dataset and the KPMP

Human Kidney Tissue Atlas dataset (Table 1) [9, 12], and

identified gene transcripts that were positively or negatively

correlated with Aldh1a2 mRNA expression levels in scRNA-

seq analyses of all mouse PECs and PEC-A1, A2, A3, A4 and

PEC-B, separately (Supplementary Table S10) and those

correlated with ALDH1A2 mRNA expression in both scRNA-

seq and snRNA-seq analyses of all human PECs, as well as PECs

of healthy subjects and patients with AKI or CKD

(Supplementary Tables S11). As shown in Figures 5A, B,

Isyna1 (r = 0.51) and Cystm1 (r = −0.33) are the top genes

positively and negatively correlated with Aldh1a2 in mouse

PECs, respectively. Notably, both genes are highly

differentially expressed in mouse PEC-A and PEC-B subtypes.

An analysis of the human PEC scRNA-seq dataset revealed

SEMA3D and COLA1A1 as the most correlated with

ALDH1A2, but both have low correlation coefficients (r =

0.19 and −0.12, respectively, Figures 5C, D). In snRNA-seq

analysis of human PECs, RBFOX1 (r = 0.35) and ROBO2

(r = −0.24) are the most significantly positively and negatively

correlated with ALDH1A2, respectively (Figures 5E, F).

Interestingly, both ALDH1A2 and RBFOX1 are among the

top-3 most specifically expressed genes in human PECs

(Supplementary Table S4), while ROBO2 expression in the

AKI dataset appears different from healthy control and CKD

dataset, i.e., PECs with high ALDH1A2 and repressed ROBO2

expression are enriched in AKI (Figure 5F).

We further explored the Gene Ontology pathways enriched

in Aldh1a2-correlated genes in the mouse scRNA-seq PEC

dataset and ALDH1A2-correlated genes in scRNA-seq and

snRNA-seq human PEC datasets. In mouse PECs, “protein

localization to endoplasmic reticulum” and “cotranslational

protein targeting to membrane” are the leading pathways

enriched by genes positively correlated with Aldh1a2

(Figure 6A), while enriched pathways among genes negatively

correlated with Aldh1a2 are “keratan sulfate catabolic process,”

response to growth factor” and “negative regulation of response

to stimuli”, etc (Figure 6B). As shown in Figures 6C, D, genes

correlated with ALDH1A2 in human PECs in the scRNA-seq

dataset and those in the snRNA-seq dataset poorly overlap—only

5.1% and 2.4% of the genes positively and negatively correlated

with ALDH1A2 are shared in the two datasets, respectively.

Hence, unsurprisingly, Gene Ontology pathways enriched

among those genes correlated with ALDH1A2 in human PECs

annotated in the scRNA-seq and snRNA-seq datasets also vary.

While “establishment or maintenance of cell polarity” and

“maintenance of protein location in cell” are the top-2

pathways enriched by genes positively correlated with

ALDH1A2 in the scRNA-seq dataset, those most enriched in

the snRNA-seq dataset are “urogenital system development” and

“cell morphogenesis” (Figures 6E, G). The top-2 pathways

FIGURE 5 (Continued)
the most positively (A) and negatively (B) correlated with the transcript abundance of Aldh1a2 in mouse PECs, respectively. (C,D) ScRNA-seq
scatter plots showing the gene transcripts that are the most positively (C) and negatively (D) correlated with the transcript abundance of ALDH1A2 in
human PECs, respectively. (E,F) SnRNA-seq scatter plots showing the gene transcripts that are the most positively (E) and negatively (F) correlated
with the transcript abundance of ALDH1A2 in human PECs, respectively.
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FIGURE 6
Bioinformatic analyses of genes correlated with Aldh1a2/ALDH1A2 expression in mouse and human PECs. (A,B) Bar plots showing the -log10
(P-value) of enrichment analysis of representative Gene Ontology biological pathways among the gene list with positive (A) and negative
(B) correlations with Aldh1a2 in all mouse PECs of the Mouse PEC Landscape scRNA-seq dataset. (C,D) Upset plots showing the distribution of
genes with positive (C) and negative (D) correlations with ALDH1A2 in the scRNA-seq and snRNA-seq datasets of the KPMP Human Kidney
Tissue Atlas. (E,F) Bar plots showing the -log10 (P-value) of enrichment analysis of representative Gene Ontology biological pathways among the

(Continued )
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enriched by genes negatively correlated with ALDH1A2 in the

scRNA-seq dataset are “collagen metabolic process” and

“negative regulation of dendritic cell differentiation,” while the

top-2 pathways enriched by genes negatively correlated with

ALDH1A2 in the snRNA-seq dataset are “circulatory system

process” and “transmembrane transport” (Figures 6F, H). It

awaits further investigation to answer why scRNA-seq and

snRNA-seq datasets give rise to largely different sets of

ALDH1A2-correlated genes and their related Gene Ontology

pathways and to understand the biological implications of

these findings.

Finally, to generate an integrated understanding of the

expression and role of the Aldh1a2/ALDH1A2 genes in mouse

and human PECs, against the backdrop of the combined retinol

metabolon and RA signaling pathway, we used the Kidney Cell

Explorer mouse kidney scRNA-seq data and the Susztak Lab

human kidney snRNA-seq data (Table 1) to predict the retinol

metabolon and RA signaling in PECs of both species. In brief, as

summarized in Figure 7, both mouse and human PECs are

predicted to express receptors mediating cellular retinol and

β-carotene uptake, carrier proteins mediating intracellular

retinol and retinaldehyde transport, enzymes catalyzing

interconversion between retinol, retinyl esters and

retinaldehyde, as well as enzymes involved in RA synthesis

and catabolism. These predictions, if confirmed

experimentally, suggest that Aldh1a2/ALDH1A2 may exert

FIGURE 6 (Continued)
gene list with positive (E) and negative (F) correlations with ALDH1A2 in human PECs in the scRNA-seq dataset of the KPMP Human Kidney
Tissue Atlas. (G,H) Bar plots showing the -log10 (P-value) of enrichment analysis of representative Gene Ontology biological pathways among the
gene list with positive (G) and negative (H) correlations with ALDH1A2 in human PECs of the snRNA-seq dataset of the KPMP Human Kidney
Tissue Atlas.

FIGURE 7
Retinol metabolon and RA signaling in human andmouse PECs as inferred by physiological (and pathophysiological) mRNA expression levels in
scRNA-seq and snRNA-seq databases. Mouse PEC gene expression data extracted from Kidney Cell Explorer (Table 1) and human PEC gene
expression data extracted from the Susztak Lab Kidney Biobank (Table 1) were used to predict the expression of proteins in the retinol metabolon and
RA signaling pathways in mouse and human PECs. These included proteins involved in cellular uptake of retinol and β-carotene; enzymes
catalyzing conversion among retinol, retinyl esters and retinaldehyde (retinal); RA synthesizing and catabolizing enzymes; intracellular carrier
proteins of retinoids; and receptors and signalingmoleculesmediating the biological effects of RA. Components expressed in PECs ofmice, humans,
and both species, as predicted by scRNA-seq and snRNA-seq data, are encoded by blue, green and red fonts, respectively. Retinyl esters, retinol,
retinal, RA, and proteins selectively expressed in both mouse and human PECs are highlighted by color shades.
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their functions in PECs through RA-mediated signaling

pathways. In PECs of both species, the findings of low or no

expression of Crabp2/CRABP2 and Fabp5/FABP5, low

expression of Ppard/PPARD and RAR and RXR isotypes, and

high expression of other nuclear receptors that heterodimerize

with RXRs neither support nor exclude the possibility of RA-

RAR or RA-PPARβ/δ signaling in PECs. Other nuclear receptor-

dependent and independent signaling induced by RA or RA

metabolites could also have a role to play. Additionally, RA

release could act on other cells, including podocytes, through a

paracrine mechanism. In CKD patients, CRABP2, RARA and

RARB expression in PECs were induced [15], suggesting that

physiological and pathological RA signaling pathways

might differ.

Discussion

Recent scRNA-seq studies have shown that Aldh1a2

mRNA expression in PECs changes differentially in

different mouse glomerular disease models, ranging from a

substantial increase in anti-GBM glomerulonephritis (Figures

2C, F), marked repression in CKD (Figure 3A), and moderate

induction in mice undergoing ischemia-reperfusion-induced

AKI (Figure 3D), to a moderate repression in mouse models of

FSGS manifesting nephrotic syndrome (Supplementary Figure

S1). ScRNA-seq and snRNA-seq clinical studies also show

diminished ALDH1A2 mRNA expression in PECs in patients

with CKD, including those with diabetes, hypertension and

ADPKD. So far, scRNA-seq or snRNA-seq studies directly

comparing kidney tissues from patients with anti-GBM

glomerulonephritis, MCD and FSGS have not yet been

reported. Given the aforementioned findings, further

clinical studies on the genetics, epigenetics and gene

expression of ALDH1A2 and genes encoding other

components of the retinol metabolon and RA signaling in

healthy subjects and patients with kidney disease

are warranted.

Consistent with scRNA-seq and snRNA-seq-based findings,

human PECs have been reported to manifest ALDH1A activity

that is repressed by an ALDH1A inhibitor [21] and

ALDH1A2 shows positive staining in PECs in normal human

kidneys, as documented by the Human Protein Atlas (Table 1).

PECs have been reported to stain positive with an Aldh1a1/2

antibody in both healthy and FSGS mice, also supporting the

observation that Aldh1a2 protein is expressed in mouse PECs

[21]. Using RARE-LacZ mice as a reporter of RA-RAR-

dependent transcriptional activity, PECs do not show any

physiological RA-RAR activity. However, this activity can be

triggered upon podocyte injury 4 days after doxorubicin-induced

podocyte injury and this activity is subsequently switched off as

proteinuria becomes heavier, due to albumin sequestration of RA

and hence preventing RA from activating RAR [21].

In young mice and in cultured PECs, activation of RA/RAR

signaling induces PEC differentiation into podocytes, while

inhibition of this signaling impairs the regeneration of

podocytes. In contrast, RA rescues podocyte regeneration

repressed by heavy albuminuria and ameliorates FSGS [21]. In

view that RA signaling through RARs triggers PEC

differentiation into podocytes, it makes sense that RA

signaling via RAR is physiologically inhibited to preserve the

PEC phenotype. In FSGS mice, most PECs showing RA/RAR

activity are outside FSGS lesions while most of those within FSGS

lesions do not respond to RA and do not differentiate into

podocytes, suggesting that in addition to albuminuria, other

local molecular and cellular factors in the FSGS niche may

also affect RA/RAR signaling in the PECs [21].

Mechanisms remain elusive for how RAR signaling in PECs

is physiologically repressed, how this signaling is activated upon

podocyte injury, and whether these pathophysiological

processes observed in FSGS mouse models are also at play in

humans. These are important questions to answer and the

related mechanistic insights could be harnessed for the

treatment of FSGS.

The substantial induction of Aldh1a2 mRNA expression

in PECs of anti-GBM glomerulonephritis mice (Figures 2C, F)

and the substantial repression of Aldh1a2 mRNA

expression in PECs in a murine model of CKD (Figure 3A)

are important findings. Given the well-established hormetic

effects of RA [7], these changes in Aldh1a2 expression and

subsequent RA activity could have profound effects on PECs

and their crosstalk with other cells. To determine the role of

Aldh1a2 in PECs, conditional, PEC-selective Aldh1a2

knockout, RNA silencing and/or strategies for rescuing

repressed Aldh1a2 activity in PECs, e.g., PEC-selective

Aldh1a2 transgenic mice, could be useful tools. Aldh1a

antisense oligonucleotides and other types of Aldh1a

inhibitors, RA inactivation inhibitors, as well as RAR and

RXR agonists and antagonists could also be useful tools in

experimental studies.

Dysregulation of retinol metabolism and RA signaling in

type-1 and type-2 diabetes and diabetic nephropathy and the

efficacy of RA in treating experimental models of diabetic

nephropathy are all well documented [22–27]. In particular,

proteomic analysis of renal cortices of wild-type control and db/

dbmice has identified RA as a key dysregulated signaling hub in

type-2 diabetes, characterized by dysregulated RA-synthesizing

enzymes and reduced RA biosynthesis [23]. In db/db mice and

ob/ob mice (loss-of-function mutation of the leptin gene),

O-GlcNAcylation, a posttranslational modification that adds

O-linked β-N-acetylglucosamine to serine or threonine

residues of many proteins including Stra6/STRA6 and

Aldh1a1/ALDH1A1, is significantly increased in diabetic

kidney tissues [24]. This leads to suppressed retinol

metabolism and downstream signaling [24]. RNA-seq

analysis of kidney biopsy samples from patients with early

Experimental Biology and Medicine
Published by Frontiers

Society for Experimental Biology and Medicine12

Liu et al. 10.3389/ebm.2024.10167

90

https://doi.org/10.3389/ebm.2024.10167


and advanced diabetic nephropathy and of normal kidney

tissues identified biphasic changes in expression of genes

involved in the RA pathway, characterized by an

upregulation in the early stage, but downregulation in the

late stage, of diabetic nephropathy [25]. These results,

together with the scRNA-seq and snRNA-seq data from

diabetic nephropathy murine models and patients (Figures

3A–C, 4C) suggest the need for better understanding of the

dynamics of retinol metabolon and RA signaling in different

stages of diabetes and diabetic nephropathy, and the

importance of further investigations at translational,

posttranslational and bioactivity levels.

Few studies referenced in this report have directly examined

the effects of sex on the expression and activity of the retinol

metabolon and RA signaling in the kidney. The only exception is

the Mouse Kidney Cell Explorer database, in which sex-specific

differences in gene expression in kidney proximal tubules have

been well documented, including the female selective expression

of Stra6 in segment 1 proximal tubule cells (Figure 2B) [8].

Another hint of possible sex differences in Aldh1a2 mRNA

expression is observed in two mouse studies from the same

laboratory, one using males only, while the other using females

only (Figures 3A, D). However, without direct comparison in

well-designed studies one cannot be sure that the different

Aldh1a2 mRNA expressing percentages in these reports are

sex-dependent. Future studies should directly compare

both sexes.

Mechanistically, many important questions await answers.

Although likely, whether effects of Aldh1a2/ALDH1A2 in PECs

are mediated by RA synthesis remains unknown. If so, which

RA subtypes and signaling pathways are operative in PECs in

health and disease? Given that Aldh1a2 is differentially

expressed in PEC subtypes, which may interconvert, it is

important to identify the role of Aldh1a2 in the

interconversion among PEC subtypes. For example, as

platelet-derived growth factor receptor (PDGFR) signaling

plays a role in FSGS [28], and Pdgfra and Pdgfrb expression

are both strongly expressed in PEC-B but not in PEC-A isotypes

[9], it will be intriguing to learn whether changes in Aldh1a2

expression and RA signaling play any role in the increased PEC-

B cell numbers in anti-GBM glomerulonephritis, FSGS, and

other kidney diseases [9, 28] and whether and how Aldh1a2, RA

and PDGFR signaling pathways crosstalk in PECs. As some

PECs are progenitor cells [21, 29], it will be important to

determine the roles of Aldh1a2 expression and RA signaling

in the stemness of these progenitor subpopulations and in their

trans-differentiation into podocytes and proximal tubular cells

[21, 29]. Finally, repression of Aldh1a2/ALDH1A2 in PECs in

both a murine CKD model (Figure 3A) and in patients with

CKD (Figure 4C) is in stark contrast with enhanced Aldh1a2

expression in PECs and fibroblasts in mice with AKI induced by

ischemia-reperfusion, peaking at 12 h and 2 days, and

remaining elevated 6 weeks after ischemia-reperfusion, when

kidney functions have returned to normal [11]. The authors did

not observe these mice beyond 6 weeks. Future research will

need to examine AKI models of different etiologies and severity

and follow up longer to examine whether different types and

severity of AKI have different Aldh1a2 responses and whether

AKI-to-CKD transition is accompanied with repressed Aldh1a2

expression, and if so, whether such changes in Aldh1a2

expression play a causal role in AKI-to-CKD transition.

In conclusion, snRNA-seq and scRNA-seq studies have

identified PECs as the major site of expression of the

Aldh1a2/ALDH1A2 gene. Current evidence has led us to

hypothesize that RA biosynthesis catalyzed by Aldh1a2/

ALDH1A2 in PECs may play an important role in kidney

health and disease in an autocrine and/or paracrine fashion.

We have previously reported that RA/RAR activity is

physiologically confined to the collecting duct in mouse

kidneys [19, 30] and that in cultured collecting duct cells,

several genes implicated in the defense against kidney injury

are targets of the endogenous RA/RAR activity [31], and that the

RA/RAR activity in collecting duct cells is regulated differentially

by AKI and CKDmediators [19].We have further hypothesized a

major defense role for the RA/RAR signaling in the collecting

duct, especially PCs, in renal tubulointerstitial injury [32].

Taken together, research addressing the roles of Aldh1a2/

ALDH1A2 in PECs and of RA/RAR activity in collecting duct

cells promises to shed new light on the mechanisms of

glomerular and tubulointerstitial defense, how this defense is

overcome in disease, and how properly restoring dysregulated

defense could be developed into novel therapies. In particular,

harnessing insights from these two lines of research, retinoid and

non-retinoid therapies regulating RAR-dependent and RAR-

independent RA signaling pathways could be developed to

maximize the beneficial effects while minimizing unwanted

effects of retinoids [33, 34].
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Abstract

The Oropouche virus (OROV), an arbovirus transmitted primarily by the

Culicoides paraensis midge, has caused significant outbreaks in the

Americas, especially in the Amazon region. The virus’s spread is closely

linked to a combination of environmental, climatic, and ecological factors.

These include deforestation, urbanization, and changes in rainfall patterns,

which influence the proliferation of vectors, and, consequently, increase the

chances of mutations and reassortment events to occur. In 2024 and 2025, the

number of OROV cases increased significantly, with outbreaks extending

beyond the traditionally endemic Amazon region, highlighting the growing

geographic expansion of the disease throughout Brazil. Despite its growing

dispersion, diagnostic and therapeutic tools for OROV remain limited. Current

diagnostic strategies rely almost exclusively on molecular detection methods,

and there are no vaccines for effective prevention. Additionally, immunological

responses to OROV infection are not fully understood, and further studies are

needed. The ecological dynamics influencing OROV transmission, particularly

the role of environmental changes in shaping vector populations, highlight the

need for more integrated surveillance and control strategies. The ongoing

expansion of OROV outside its traditional hotspots may be indicative of

broader environmental shifts that facilitate viral spread. Therefore,

continuous monitoring of both environmental and epidemiological data is

crucial to understanding and mitigating the impact of OROV in the future.

Collaborative efforts among researchers, policymakers, and local communities

will be essential to prevent further outbreaks and minimize the health burden
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caused by OROV. This review summarizes important and up-to-date data

information to the ongoing epidemic of Oropouche fever, focusing on

topics that are particularly important to Public Health.

KEYWORDS

Orthobunyavirus oropoucheense, Oropouche fever, Culicoides paraensis,
epidemiology, climate change, environmental impacts

Impact statement

Climate change, environmental alterations due to

anthropogenic activity, and human mobility have significantly

altered the occurrence and dispersion of infectious diseases. This

is particularly relevant when the disease is transmitted by

arthropod vectors and/or has sylvatic hosts. Oropouche fever,

caused by the Oropouche virus (OROV - Orthobunyavirus

oropoucheense) is an iconic example of this new pattern of

disease transmission. Since the virus description, in the 1950s,

the OROV has remained restricted to equatorial forests,

especially in the Amazon basin, where its main mosquito

vector (Culicoides paraensis) is found. However, in the last

3 years, OROV cases have increased, and the virus is now

dispersed to Brazil’s states outside the Amazon region, posing

a significant threat to public health resources. This review focuses

on epidemiological characteristics of oropouche fever in Brazil

and possible environmental aspects underlying the

unprecedented OROV dispersion within the country.

Introduction

The Oropouche virus (OROV - Orthobunyavirus

oropoucheense) is an arthropod-borne virus (arbovirus)

belonging to the Peribunyaviridae family, Orthobunyavirus

genus, and classified within the Simbu serogroup. Viruses in

this group are known for their broad host range, vector-mediated

transmission, and potential for reassortment events that

contribute to genetic diversity. In 2024, OROV gained

prominence due to a significant increase in reported cases

across the Americas [1, 2].

The OROVwas first isolated in 1955 from blood samples of a

forestry worker in the Vega de Oropouche community, Trinidad

and Tobago, a country in the Caribbean region of Central

America [3]. This early identification marked the beginning of

research on the virus, which was initially linked to a zoonotic

transmission cycle involving both wild mammals and arthropod

vectors. In 1960, the virus was detected in Brazil for the first time,

isolated from a sloth (Bradypus tridactylus) near the construction

site of the Belém-Brasília highway, state of Pará. In the same area,

Ochlerotatus serratus mosquitoes were found to be infected with

OROV [4]. Between 1960 and 1980, OROV was responsible for

several epidemics in the state of Pará, with approximately

11,000 people infected. These epidemics affected different

mesoregions - including metropolitan Belém - except for the

southwestern part of the state. It was only from the 1980s

onwards that cases of OROV infection began to be reported

in the cities of Manaus and Barcelos, in the state of Amazonas. In

the past decade, an outbreak of OROV occurred in the capital of

Amazonas [5], as well as in the city of Mazagão, Amapá [6, 7]. In

the following years, new OROV epidemics occurred, including in

1988, when outbreaks were reported in Tocantinópolis, state of

Tocantins, and Porto Franco, state of Maranhão [8]. In the state

of Rondônia, OROV was reported in 1991 in the cities of

Ariquemes and Ouro Preto D’Oeste [9]. Since then, OROV

has been recorded in several urban centers across the

northern and northeastern regions of Brazil [8, 10].

OROV is an enveloped, spherical, and pleomorphic virus with a

genome composed of three linear segments of single-stranded,

negative-sense RNA [2]. Each RNA segment contains

complementary nucleotide sequences that promote the

circularization of the viral genome, with a helical nucleocapsid

protein that comprises a ribonucleoprotein complex [11]. The tri-

segmented genome structure facilitates genetic reassortment, a key

mechanism driving viral diversity within this virus group [12–14].

OROV is primarily transmitted by biting midges of the

species C. paraensis [10, 15] (Figure 1A) with reported

transmission rates ranging from 25% to 83% [16]. The virus is

maintained in nature through two distinct transmission cycles:

sylvatic and urban (Figure 1B). In the sylvatic cycle, the virus

circulates among wild vertebrate hosts that serve as amplifiers,

including non-human primates such as Callithrix penicillata

[17], Sapajus apella [18], and Alouatta caraya [19], as well as

sloths (Bradypus tridactylus) [4] and rodents (Proechimys spp.).

Antibodies have also been detected in wild birds [20].

Additionally, some studies have identified neutralizing

antibodies in domestic animals, including Canis lupus

familiaris (dogs) and Bos indicus/taurus (cattle), in the state of

Mato Grosso, Brazil [21]. The duration of viremia in these hosts

is critical for the transmission dynamics, as it influences the

likelihood of the virus being taken up by biting arthropods during

their blood meals. In the urban cycle, C. paraensis serves as the

primary vector. Humans, acting as accidental hosts, are key in

amplifying the virus within urban environments, especially in

densely populated regions. The interaction between urban and

sylvatic environments creates an ecological bridge, allowing for

the virus exchange between the two cycles, thereby contributing

to the pathogen’s spread in areas with both natural and

anthropogenic factors. The distribution of C. paraensis is
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FIGURE 1
OROV transmission dynamics and main vectors. (A) Culicoides paraensis general aspect and taxonomic classification. Scale bar = 1 mm.
Watercolor Illustration by F. da Fonseca. (B) Schematic representation of OROV transmission cycles. The sylvatic cycle involves primates, sloths, and
other mammals as hosts, as well as some bird species (not shown). All possible arthropod vectors are not yet well known. The interaction between
sylvatic and peri-urban environments primarily occurs due to deforestation and agricultural activities, which favor the transmission of diseases
to humans. In the urban cycle, the virus is maintained by vectors such as Culicoides paraensis and possibly Culex quinquefasciatus, allowing
dissemination in densely populated areas. Original figure created with Biorender.
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mainly concentrated in the Amazon basin, but it has also been

detected in other tropical areas, facilitating the potential for wider

geographical spread of the disease [17–19].

Recent studies have demonstrated the vector competence of

other mosquito species for OROV infection in

immunocompromised mice, including Aedes aegypti and

Aedes albopictus, in addition to Culex quinquefasciatus,

suggesting that OROV can be transmitted by more common

vector species in the Americas [10, 22]. A recent study analyzed

the presence of OROV RNA in seven positive insect individuals,

belonging to the species Cx. quinquefasciatus, Limatus durhamii,

and Aedes albopictus. Although additional studies on vector

competence and capacity are necessary for confirmation, these

findings suggest that Cx. quinquefasciatus may be a potential

primary vector in urban areas [23]. In other environments, the

virus has also been isolated from other species, such as Aedes

serratus, Coquillettidia venezuelensis, Ochlerotatus serratus,

Mansonia venezuelensis, and Aedes aegypti; nonetheless, the C.

paraensis remains the main vector [7, 16, 22, 24–27].

Environmental factors such as deforestation, climate change,

and other anthropological interferences in the environment

accelerate the dispersal of vectors and, consequently, the

spread of the disease [28].

Human-to-human transmission has not yet been described

in the literature, except for vertical transmission during

pregnancy [29–31]. There have been two cases in which the

genetic material of the virus was identified in organic tissues of

the dead fetus, in the placenta, and in umbilical cord blood [30,

32], in addition to a baby with congenital anomalies who died

47 days after birth [33]. Antibodies to OROV were also found in

the serum and cerebrospinal fluid samples from four newborns

with neurological malformations. In some cases, fetuses that were

FIGURE 2
Main symptoms of Oropouche fever. Oropouche fever is characterized by acute clinical symptoms, including high fever (above 39°C), intense
headache, retro-orbital pain, myalgia, arthralgia, chills, general malaise, nausea, vomiting, diarrhea, and abdominal pain. Additionally, maculopapular
rashes are common, typically starting on the trunk and spreading to the limbs. In some cases, hemorrhagic signs such as epistaxis, gum bleeding, and
spontaneous bleeding may occur. Additional symptoms such as photophobia, dizziness, drowsiness, and a burning sensation are frequently
observed, especially in more severe infections. Patients with severe forms of the disease may develop coagulopathies, hemorrhagic phenomena,
acute kidney failure, and, in extreme cases, death. Infectionmay also affect the central nervous system, leading tomeningitis or encephalitis.Original
figure created with Biorender.
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infected by OROV during pregnancy presented microcephaly,

ventriculomegaly, agenesis of the corpus callosum, and

malformation in the joints [25, 32]. Nonetheless, there are still

many gaps in the disease transmission cycle and epidemiology

that need to be elucidated, such as the probable reservoirs and

vectors that promote epizootic events. Indeed, the complex

epidemiological features of OROV transmission can be

illustrated in a recent report describing the isolation of

replication-capable OROV in semen samples from an Italian

patient, raising concerns about possible sexual transmission [33].

Oropouche fever is an acute febrile disease with symptoms

resembling those of other arboviruses such as Dengue, Zika,

Chikungunya, and Mayaro, making clinical diagnosis

challenging [5, 34]. The incubation period for OROV is still

not well established, but it typically ranges from 3 to 10 days.

Following this period, individuals may exhibit a wide range of

symptoms, which may vary depending on the virus strain

(Figure 2). Common symptoms include high fever (exceeding

39°C, occasionally reaching 40°C), headache, myalgia, arthralgia,

chills, malaise, nausea, vomiting, photophobia, retro-orbital pain,

diarrhea, abdominal pain, and, in some cases, maculopapular

rashes that begin on the torso and spread to the limbs.

Hemorrhagic signs, such as spontaneous bleeding, epistaxis,

and gum bleeding, have also been reported. With the increase

disease spread in 2024, additional symptoms were described,

including severe headache, conjunctival congestion, dizziness,

drowsiness, severe abdominal pain, anorexia, weakness, and a

burning sensation in the body [7, 35]. In some cases, the disease

can rapidly progress to more severe manifestations, such as

coagulopathies, hemorrhagic phenomena [36, 37], acute

kidney failure, and even death [38]. Up to the last quarter of

May 2025, 7 deaths were caused by OROV infection in Brazil

since the beginning of the current epidemics. Despite the

potential for severe complications, the disease is self-limited in

most cases, naturally evolving to a complete recovery after

2–7 days of symptoms. However, when the central nervous

system is affected, the disease may progress to meningitis or

encephalitis, [35, 38, 39]. During the progression of the infection,

patients may also present blurred vision, difficulty seeing,

hypoactivity, ocular edema, psychomotor agitation,

hypotension, hypoxia, cyanosis in the extremities, cold and

clammy skin, and, eventually, cardiorespiratory arrest, as

observed in a clinical study by Bandeira et al. [36].

Immunity to OROV and advances in
vaccine development and diagnosis

Despite the epidemiological relevance of OROV, the

mechanisms of interaction between the virus and the human

or animal immune systems remain poorly understood. The

innate immune response serves as the first line of defense

against OROV, as it does for other infectious agents. The viral

evasion mechanisms involved in this response are less specific

and share characteristics with the immune escape strategies of

arboviruses in general. In response to OROV infection, the

adaptive immune system mounts a robust cellular and

humoral response. Cytotoxic T lymphocytes (CD8+) play a

central role in clearing infected cells, while helper T

lymphocytes (CD4+) contribute by producing cytokines that

stimulate B lymphocyte activation and antibody production.

The viral envelope glycoproteins GN and GC are critical for

viral attachment and entry into host cells and serve as primary

targets for neutralizing antibodies [40]. Hematological

alterations are also observed during OROV infection, with

neutropenia being a common finding, although some patients

may exhibit moderate leukocytosis [9].

The currently recognized viral invasion pathways suggest

that the blood-brain barrier (BBB) is likely breached during host

infection by OROV through a Trojan Horse-like mechanism

since human peripheral blood leukocytes were found to have

their genome in monocytes, B and T cells, considering the

prevalence of neurological manifestations and pathogenesis

[41]. In this process, the virus is transported through the

bloodstream, hidden within infected phagocytes, and this

capacity, after blocking the Interferon pathway, allows the

virus to evade immune recognition and reach target organs

and tissues, where it can replicate while bypassing barriers

such as the BBB in an immunosuppression scenario. The

virus had shown infectivity in vitro to astrocytes, as wells

dysregulating immune innate pathways, and also was found in

peripheral blood leukocytes [42, 43], suggesting a major pathway

to surpass the barrier and infect neural cells in vivo. Nevertheless,

a neural invasion pathway may also contribute to OROV

pathogenesis, as viral accumulation has been detected within

neurons and in ex vivo models that preserve brain

cytoarchitecture. Notably, infection is associated with the

induction of proinflammatory cytokines and neuronal cell

death, which may underlie the development of neurological

sequelae, potentially of a chronic nature [44]. Studies in

suckling mice models have shown viral tropism for

neuroprogenitor cells, with glial cells and astrocytes found

alongside apoptotic neurons. Moreover, the animals presented

splenomegaly andmeningitis, although without viral detection in

the liver and spleen [45].

The hepatotropic nature of OROV has been previously

described [46]. In experimental studies using golden hamsters,

high viral titers were detected in the liver, indicating efficient viral

replication [487]. Although clinical cases of hepatitis have not

been reported in OROV-infected patients, elevated liver enzyme

levels have been observed. Notably, in experimental models using

mice deficient in interferon regulatory factors, extensive liver

damage was documented, supporting the possibility of hepatic

involvement. These findings suggest that OROV may exhibit

liver tropism, as evidenced by increased serum transaminase

levels in patients with Oropouche fever [48].
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The activation of the immune system following OROV tissue

invasion was evaluated, identifying the key host defense pathways

involved in controlling infection and disease progression. Their

study demonstrated that OROV pathogenesis and immune

responses in primary murine cells occur through RIG-I-like

receptor (RLR) signaling, particularly via MDA5, RIG-I, and

MAVS. These pathways lead to the activation of type I interferon

(IFN-α/β) responses. In knockout models where key regulatory

genes such as MAVS, IRF-3, and IRF-7 were suppressed, as well

as IFNAR-deficient mice, uncontrolled OROV replication was

observed. These animals developed severe hypercytokinemia,

liver damage, and high mortality rates, whereas wild-type

mice did not develop any signs of severe disease. This finding

highlights the critical role of type I IFN responses in restricting

viral dissemination. In summary, the induction of type I IFN

through MAVS, IRF-3, and IRF-7 is essential for controlling

OROV infection in mice [48].

Evasion of the host immune system by Orthobunyavirus can

occur through the inhibition of the innate antiviral response,

particularly by interfering with type I interferon (IFN-α/β)
signaling, which is essential for the initial antiviral defense.

Viral proteins, including NSs from other bunyaviruses,

function as interferon antagonists by inhibiting the

transcription of interferon-stimulated genes (ISGs) [49].

Additionally, modulation of autophagy and apoptosis may

play a role, as orthobunyaviruses can manipulate cellular

processes to facilitate viral replication while preventing early

apoptosis in host cells. Another key immune evasion strategy

involves the downmodulation of toll-like receptor (TLR)

signaling, as the virus can alter viral proteins or modulate

host protein patterns to evade TLR recognition. For instance,

circumvention of TLR3 signaling, which detects double-stranded

RNA, has been described as an evasion strategy by

orthobunyaviruses to avoid early immune detection [50].

Understanding the mechanisms of interaction between OROV

and the immune system is essential for developing effective

control and treatment strategies. Advances in immunological

and virological research will provide new insights into mitigating

the impact of this emerging pathogen [51].

The lack of vaccines or specific therapies against OROV

represents further challenges associated with controlling

outbreaks and reducing the impact on public health. The lack

of preventive immunizations makes exposed communities

entirely dependent on vector control measures, which are

often insufficient to contain the spread of the pathogen [52,

53]. In addition, the lack of antiviral therapies limits clinical

management, which is based on palliative care to alleviate the

symptoms of Oropouche fever. At the same time, rapid and

accurate diagnosis plays a critical role in outbreak response and

individual patient management [52]. OROV-infected patients

present clinical features that are similar to those of other

arboviruses, such as dengue, Zika, and chikungunya viruses,

making presumptive clinical diagnosis very difficult [54].

The development of vaccines for arboviruses has been a

significant challenge per se. Genetic instability, high mutation

rates, and cross-reactions between some arboviruses are among

existing difficulties. In the case of OROV, the segmented nature

of its genome further exacerbates the problem as recombination

events may increase virus mutation rates as well as the

appearance of unforeseen virus variants. In addition, there are

currently no animal models that mimic OROV-based human

pathophysiology, hindering pre-clinical evaluations of candidate

vaccines. These factors represent important gaps for the

development of effective immunogens against OROV [9, 55].

Indeed, there have been very few studies on OROV vaccine

development. One such study employed the vesicular stomatitis

virus as a vector expressing the OROV GPC complex, and

immunizations with this experimental vaccine were able to

partially protect mice from the appearance of some disease

signals after challenges with wild-type OROV [56].

Advances in studies involving other orthobunyaviruses,

such as the Schmallenberg virus (SBV), may offer valuable

insights to be applied to OROV, considering that these

viruses share genetic and antigenic characteristics.

Inactivated vaccine candidates using different viruses and

viral titers were evaluated in cattle and goats, resulting in

neutralizing antibody responses and good seroconversion. At

least four vaccine candidates employing inactivated viruses

significantly reduced viral loads [57]. Another study from

the same research group revealed that the use of the SBV Gc

glycoprotein as an antigen could confer protective immunity

against SBV infection [58]. Furthermore, bioinformatic studies

identified a highly immunogenic region within the N protein,

which was then used as a vaccine candidate in knockout mice.

After immunization with subunit vaccines containing this

specific region, mice challenged with virulent SBV showed

attenuated clinical signs and reduced viremia. The study also

demonstrated that this region of the N protein is conserved

among members of the Simbu group, suggesting potential for

testing cross-immunity against OROV [59].

The successful management of viral outbreaks has been

inherently linked to the availability of effective vaccines;

however, two other basic elements in public health approaches

are essential to control the disease: i) identification of infected

patients through correct diagnosis, and ii) medical support for

affected individuals. Indeed, the correct diagnosis of OROV is

essential for both individual health management and

epidemiological control. The clinical overlap between OROV

infections and other febrile illnesses caused by arboviruses, such

as Dengue, Zika, and Chikungunya, poses significant diagnostic

challenges. Misdiagnosis can result in inappropriate treatments,

delayed interventions, and public health inaction. Rapid

identification of OROV cases enables the mapping of outbreak

zones, assessing viral spread, and the implementation of targeted

control strategies, including vector control campaigns and public

awareness initiatives [54, 60].
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OROV detection typically involves identifying the viral

genome in plasma or serum samples from patients in the

acute, febrile phase of the disease. A dual-target RT-qPCR

assay has been described for the simultaneous detection of

Mayaro virus (MAYV) and OROV, focusing on the

NSP1 gene of MAYV and the S segment of OROV. This

method incorporates customized internal controls using

synthetic plasmids containing viral sequences. The protocol,

published in 2017, demonstrated high sensitivity and

specificity [61], and has been widely adopted by both private

and State laboratories in Brazil.

Up to the writing of this review manuscript, no commercial

serological tests, such as ELISA and rapid tests, were widely available.

Serological tests for detecting IgM and IgG immunoglobulins are

carried out using protocols developed in-house, highlighting the fact

that the disease has been generally neglected. In 2001, an ELISA

using the recombinant nucleocapsid protein (N) as an antigen was

described. The protein was produced in a prokaryotic system and

tested on samples from patients in Brazil and Peru. The test showed

high sensitivity and specificity for detecting Oropouche fever [62].

The development of mouse monoclonal antibodies for the detection

of OROV in indirect immunofluorescence (IFA) and

immunohistochemistry (IHQ) assays was recently published [63].

Although the development of vaccines and diagnostic tools

for OROV presents substantial challenges, recent advances in

both areas offer hope for better control and management of this

emerging viral threat. The complexity of OROV, with its high

mutation rates and clinical similarities to other arboviruses,

underscores the urgent need for continued research and

innovation. Collaborative efforts and sustained investment in

basic and applied research are crucial for developing effective

vaccines and diagnostic tools, ultimately enhancing global public

health responses to outbreaks of OROV and similar

emerging viruses.

Epidemiology and geographic
distribution

In the last 20 years, OROV has been detected throughout

South America, including countries such as Peru, Bolivia,

Ecuador, Colombia, Venezuela, and French Guiana, besides

Brazil [64]. The virus has also been detected again in the

Caribbean - Haiti reported an outbreak in 2014 - and

sporadic cases were reported in Central America, such as in

Panama. Despite all early and late reports, Oropouche fever has

been historically underdiagnosed due to its clinical similarity to

other arboviral diseases, such as Dengue, Zika, and Chikungunya,

making past and present surveillance difficult and current control

efforts challenging [65].

In 2011, a novel orthobunyavirus was described in Peru and

was retrospectively linked to outbreaks that occurred in 1999.

Upon isolation and analysis, it was confirmed that the pathogen,

named Iquitos virus, is a recombinant derivative of OROV [14].

Furthermore, in 2017, a study demonstrated the recombination

potential between Oropouche and Schmallenberg viruses, both

members of the Peribunyaviridae family. Although this

TABLE 1 Absolute numbers of OROV cases in Brazil in 2024
(epidemiological week 1–52) and 2025 (epidemiological week
1–22). Epidemiological data on OROV in Brazil were obtained from
the Brazilian Ministry of Health and the Pan American Health
Organization databases [25, 68].

Region/State Cases (n)

2024 (EW 1-52) 2025 (EW 1-22)

Northern states 5,804 109

Amazonas 3,231

Rondônia 1,711 7

Acre 276

Roraima 277 1

Pará 172 1

Amapá 129 87

Tocantins 8 13

Northeastern states 1,517 1,837

Bahia 891 7

Ceará 257 633

Pernambuco 146 643

Alagoas 120 3

Sergipe 34

Maranhão 33

Piauí 30 1

Paraíba 6 550

Southeastern states 6,283 9,863

Espírito Santo 5,868 6,271

Minas Gerais 249 1,232

Rio de Janeiro 157 2,302

São Paulo 9 58

Southern states 178 43

Santa Catarina 178 15

Paraná 28

Center-western states 19 1

Mato Grosso 18

Mato Grosso do Sul 1 1

Brazil 13,801 11,853
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experiment was conducted under laboratory conditions, it

highlights the recombination capability of viruses within this

family [66]. To date, four OROV genotypes have been identified:

genotype I, found in Trinidad and Brazil; genotype II, identified

in Brazil and Peru; genotype III, circulating in Brazil and

Panama; and genotype IV, detected in the Amazon region

of Brazil [8].

In 2024, the Pan American Health Organization (PAHO)

confirmed cases have been reported in eleven countries and one

territory in the American continent: Barbados, Bolivia, Brazil,

Canada, Colombia, Cuba, Ecuador, United States of America

(imported cases), Guyana, Cayman Islands (imported case),

Panama, and Peru. Additionally, imported OROV cases have

been reported in a few European countries (30 cases in total) [25].

In 2024, Brazil reported cases in 22 out of the country’s

26 states, plus the federal district of Brasilia. This marked a

substantial geographic expansion within the Country, implying

that outbreaks were no longer limited to the northern region,

where the virus is considered endemic. This scenario began in

2023 with three extra-Amazonian cases being reported in the

states of Minas Gerais (1 case) and Espírito Santo (2 cases). In the

next year, the Amazon basin region accounts for 52.9% of the

reported cases, with all of its seven states reporting cases

(Table 1). The virus’s spread was noted in several non-

endemic areas, including the Southeast, South, and Central-

West regions of the Country, further highlighting its

increasing reach. Autochthonous transmission was reported in

15 non-Amazonian states [25, 67] (Figure 3; Table 1). Whilst the

Amazon and other northern states remain as the epicenters of

OROV activity, the emergence of cases in regions such as São

Paulo, Rio de Janeiro, and Mato Grosso suggests that the virus’s

distribution is shifting, possibly driven by factors like climate

change and human movement [67]. In the first 5 months of 2025,

Oropouche fever occurrence remained concerningly high, with

11,853 confirmed cases across Brazil up to the end of May. More

cases were reported in the first weeks of 2025 than in the same

period of 2024, highlighting the rising trend in infections. Cases

were recorded in states throughout Brazil [25] (Table 1; Figure 3).

Environmental impacts and
OROV expansion

The spread of the OROV is intricately linked to environmental

changes, which alter the dynamics of both vector populations and

the virus itself. Climate changes, for instance, has contributed to

rising temperatures and irregular rainfall patterns, creating favorable

(and sometimes unpredictable) conditions for the proliferation of

FIGURE 3
Geographical distribution of Oropouche fever cases in Brazil in 2024 and 2025. Confirmed cases of Oropouche fever in epidemiological week
1–52 of 2024 (left panel). Confirmed cases of Oropouche fever in epidemiological week 1–22 of 2025 (right panel). The Amazon region stands out in
2024, accounting for over 50% of the cases. The spread of the disease beyond the Amazon region reflects the geographical expansion of the disease.
In 2025, the state of Espírito Santo accounted for the majority of cases, indicating an early epicenter outside the Amazon region.
Epidemiological data on OROV in Brazil were obtained from the Brazilian Ministry of Health [67].
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arthropod vectors. The rainy season in the Amazon region, which

lasts from January to June, provides ideal conditions for C. paraensis

populations to thrive, and during periods of increased rainfall, their

populations spike, resulting in a higher risk of transmission. Studies

have shown that the increase in precipitation during the rainy season

directly correlates with the population numbers of C. paraensis and

subsequent OROV outbreaks in the region [65]. In Figures 4A–D,

the correlation between the number of cases and the average

quarterly temperature in 2024 is shown. When evaluating the

expansion of the virus to other states (Figures 4B,C), a trend in

rising may have contributed to this spread. Conversely, when

analyzing the relationship between the number of cases and

accumulated precipitation (Figures 4E–H), the peak in cases did

not coincide with periods of highest rainfall. However, considering

the precipitation from the previous quarter, it is possible that

accumulated rainfall created favorable environmental conditions,

such as increased humidity and the formation of breeding sites for

vectors, which may have influenced the rise in cases in the

subsequent quarter.

In addition to climate change, human activities such as

deforestation and urbanization have significantly altered local

and regional ecology parameters, contributing to the spread of

OROV. The loss of native forests and the expansion of urban

areas disrupt the habitats of arthropod vectors and reservoir

hosts, like primates and sloths. As human settlements encroach

on previously forested areas, the proximity between humans,

vectors, and reservoirs increases, facilitating the transmission of

the virus. In regions like Cusco, Peru, where deforestation has

been rampant, outbreaks have been recorded, suggesting that

changes in the local ecosystem, such as the loss of vegetation and

alterations to animal and insect populations, have contributed to

the emergence of OROV [28].

Moreover, the construction of large-scale infrastructure

projects, such as dams and roads, has been associated with the

spread of OROV. These infrastructure projects often result in

environmental changes that promote vector breeding and

transference to areas where the insects where previously

absent. For example, in the Tucuruí region of Pará State,

Brazil, the flooding caused by the construction of a dam

created favorable breeding grounds for Culicoides mosquitoes,

leading to increased occurrence of anti-OROV antibodies in local

FIGURE 4
Projection of OROV case numbers across the four-quarters
of 2024 concerning temperature and accumulated precipitation.
(A,E) Relationship between temperature and number of cases in
the first trimester/relationship between precipitation
accumulation and number of cases in the first trimester. (B,F)
Relationship between temperature and number of cases in the

(Continued )

FIGURE 4 (Continued)
second trimester/relationship between precipitation
accumulation and number of cases in the second trimester. (C,G)
Relationship between temperature and number of cases in the
third trimester/relationship between precipitation
accumulation and number of cases in the third trimester. (D,H)
Relationship between temperature and number of cases in the
fourth trimester/relationship between precipitation accumulation
and number of cases in the fourth trimester. The color scale
determines the temperature gradient (A–E) and the accumulated
precipitation gradient (F–G), and the size of the circles represents
the number of cases.
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wildlife, such as in birds and primates [9]. These environmental

disruptions, along with changes in local ecosystems, increase the

opportunities for the virus to be transmitted between vectors and

susceptible hosts [23]. As a result to of regional ecological

changes, the virus has now spread from this original

confinement in the Amazon basin to neighboring regions and

even far states within the Country. The increasing number of

outbreaks in the southeastern and southern regions of Brazil,

where the virus was previously absent, highlights the combined

impact of climate change and human activities on the disease’s

distribution. The alteration of ecosystems, the proliferation of

vectors, and the movement of people to new areas have all

contributed to OROV’s broader geographical spread,

challenging public health systems that are not used to

managing the disease in non-endemic areas [23].

In a recent study, the complex interaction between ecological

and environmental factors, coupled with human mobility, was

discussed as a contributing factor to the increase in cases in 2024.

The introduction of the virus into large urban centers and its

subsequent spread to small inland cities are closely linked to the

dynamics of the C. paraensis vector, whose opportunistic

characteristics and ability to colonize both urban and rural

environments favor transmission. Furthermore, the study

reveals that agricultural activities, such as banana, cassava,

and cocoa crops, provide ideal habitats for mosquito

reproduction, creating conditions to the maintenance and

spread of the virus. Environmental changes, such as

deforestation and the degradation of biomes like the Atlantic

Forest and Caatinga, amplify the risk of new outbreaks, as

arthropod populations tend to search for new environments

to survive, highlighting the importance of continuous

surveillance. In addition to ecological and environmental

factors, genomic studies have revealed that the current OROV

epidemic may have been driven by the emergence of a novel

reassortant lineage, designated OROVBR-2015-2024, which

combines genomic segments from distinct geographical

origins. This lineage presents synapomorphic non-

synonymous mutations in both the L segment, which encodes

the RNA-dependent RNA polymerase, and the M segment,

which encodes the viral envelope glycoproteins. Notably,

mutations such as I957V in the Amazonian AM-I clade and

I958T in the non-Amazonian SC-2 clade are located in the M

segment and may play a role in modulating viral entry or

immune evasion. These genetic alterations are particularly

relevant, as the M segment directly influences viral tropism

and host cell interactions, potentially affecting replication

kinetics and transmission dynamics. Altogether, these findings

suggest that viral adaptation may have contributed to increased

transmissibility or fitness of OROV outside the

Amazon region [60].

Furthermore, climate models suggest that the continued

warming of the planet and changes in precipitation patterns

will further affect the distribution of OROV vectors. As

temperatures rise and rainfall becomes more erratic, new

regions may become suitable for Culicoides vectors to

proliferate, creating new hotspots for OROV outbreaks.

This phenomenon is particularly concerning because it may

introduce the virus into regions with less experience in

managing vector-borne diseases, making them more

vulnerable to outbreaks.

Discussion

Oropouche fever remains a significant public health concern

in tropical Latin America. Although originally confined to the

Amazon basin, OROV has recently expanded into southeastern

and southern Brazil, reflecting changes in its epidemiological

dynamics. This expansion is driven by increased human

population mobility, urban growth, and environmental factors

such as rising temperatures and altered rainfall patterns that

favor vector proliferation. Addressing OROV transmission

requires an integrated approach that considers both ecological

pressures and public health interventions.

The pathogenesis of OROV is still not fully elucidated,

particularly in terms of viral-host immune interactions. The

absence of specific antiviral treatments and licensed vaccines

continues to hinder effective disease control. While diagnostic

technologies have improved, early detection and surveillance

remain limited—especially in endemic and resource-constrained

areas. Strengthening diagnostic capacity is a short-term priority to

enable rapid response to emerging outbreaks.

Environmental changes, such as deforestation and large-

scale infrastructure development, have disrupted vector

habitats and facilitated viral spread beyond traditional

endemic zones. However, repeated references to these drivers

across studies highlight the urgent need for long-term strategies

that address root ecological causes. Coordinated public policies

that align health surveillance with environmental protection are

essential. In the long term, controlling OROV will require not

only continued genomic and ecological monitoring but also

investment in vaccine research and sustainable land-use

practices to mitigate vector expansion. From the legal point

of view, it is important to mention that Brazil possesses a robust

legal framework for environmental protection, which extends

beyond the Amazon - its most internationally recognized biome

- to include all other, lesser-known ecosystems within the

national territory. Moreover, Brazil is a signatory to all

editions of the Conference of the Parties (COP). Notably,

COP30 will be held in Belém, the most influential and

significant Brazilian capital in the Amazon region. The

conference is scheduled to take place in November 2025 and

is already being referred to as the ‘Amazon COP’.

The current regional OROV outbreak must be addressed

within a One Health framework, recognizing the

interconnectedness of human, animal, and environmental
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health. Key aspects warranting further investigation include the

role of environmental and anthropogenic factors in peri-urban

areas, the presence of secondary vectors capable of supporting

OROV replication, and the occurrence of imported cases in

regions where Culicoides species of the same genus are

present. Additionally, exploring whether the OROVBR-2015-

2024 variant exhibits altered vector tropism, hepatocyte affinity,

or neurotropism in extra-Amazonian contexts could reveal

important pathophysiological insights. A deeper

understanding of virus-host interactions—both in vivo and ex

vivo, including apoptosis pathways—may help uncover critical

knowledge gaps. Such efforts are essential for improving

diagnostic capabilities and informing the development of

effective antivirals, vaccines, and therapeutic strategies to

mitigate the public health impact of Oropouche virus

infections [68].
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