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1. Abstract
BMPs emerged as crucial regulators in a variety of biological 
processes, including the bone formation, tissue homeostasis and 
in various endocrine functions. Many of the BMPs pathways 
are intricately regulated and possess involvement in the crucial 
endocrine process for instance metabolism, reproduction and 
skeletal regulation. This review reports on the complex interplay 
between BMP signalling and endocrine function, and also dis-
cusses the use of artificial intelligence to investigate this cross-
talk and clinical applications. Briefly, BMPs have an influential 
effect on the activity of hormone-producing endocrine organs 
such as the pituitary gland, thyroid, pancreas, and gonads. Endo-
crine-related disorders such as diabetes mellitus, infertility, and 
thyroid dysfunction have been associated with dysregulation of 
BMP signalling. Therapies based on BMPs or their signalling 
can be regarded as a promising approach in the clinical manage-
ment and treatment of endocrine disorders. One major interest 
of current research is the genetic and epigenetic regulation of 
BMP pathways and their cross talk to endocrine system to iden-
tify specific therapeutic targets. Recent advances in AI offer new 
avenues for optimizing BMP-endocrine therapies enabling fast-
er development of targeted therapy for personalized treatment 
approaches in endocrine diseases. However, despite this thera-
peutic potential, there are several safeties, e.g. tumorigenic risks, 

systemic side effects, especially for long-term usage. Another 
limitation for clinical usage is the intricate crosstalk between 
BMP pathways and other hormonal or cellular networks which 
will be discussed in this review. Ultimately, understanding the 
bidirectional BMP-endocrine crosstalk is vital for developing 
safe, effective interventions in regenerative medicine and endo-
crine disorders.

2. Introduction to BMPs
BMPs are a group of secreted cytokines, which play a crucial 
role in development, formation of bone, and tissue homeosta-
sis [1,2]. More than 20 members of BMPs have been identified, 
and along with Growth and Differentiation Factors (GDFs), they 
constitute the largest subgroup that belongs to the superfami-
ly of transforming growth factor beta (TGF-β) [3-6]. BMPs are 
initially identified to play a key role in bone formation and carti-
lage development as well as in fracture repair [7,8] but later on, 
its involvement in various major biological roles was observed 
[3,9]. BMPs are essential for skeletal development, mesoderm 
formation, and involvement in the development of various organ 
systems [7,8,10]. It is also reported that BMPs show involve-
ment in neurodevelopment, germline and adult tissue homeo-
stasis, and other development processes [8,9]. BMPs act as 
ligands and function by binding to the cell surface receptors, 
which in turn initiate a cascade of events that involves Smad 
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proteins, which then regulate gene expression and affect differ-
ent cell types [4,8,9]. Various extracellular modifiers, agonists, 
and antagonists tightly regulate the activity of BMPs, which 
also exhibit high conservation [8-10]. Dysfunctionality in BMPs 
signaling pathway is often co-related with various human dis-
eases like cancer, skeletal and endocrine disorders, particularly 
in cardiovascular, metabolic, and reproductive system [11-14]. 
Overall BMPs role in diseases (figure 1) highlights the impor-
tance of maintaining a balanced signaling environment to ensure 

proper cellular functions and tissue homeostasis. Additionally, 
in endocrine-related disorders, the role of BMPs has been stud-
ied as a therapeutic agent, as they play a crucial role in sever-
al key physiological processes, for instance, metabolism, bone 
formation, and reproductive health. The capability of BMPs to 
modulate homeostasis and tissue development represents them 
as a promising candidate for clinical applications in endocrine 
dysfunctions.

Figure 1: BMPs and endocrine crosstalk (Image created with BioRender.com).

3. BMP Signaling Pathways
The BMP signaling pathway is a crucial cellular communica-
tion system, which is involved in various development process-
es. This signaling core operates in a simple way on the basis of 
three main components of ligand, receptor, and signal transduc-
er, yet it is highly conservative and tightly regulated at different 
levels [1,8]. BMP binds to specific receptors on the surface of 
target cells. There are two main types of BMP receptors, i.e., 
Type I receptors (e.g., BMPR1A, BMPR1B, also termed as Ac-
tivin Receptor-Like Kinases (ALKs) nowadays) which initiate 
the intracellular signaling cascade, and Type II receptors (e.g., 
BMPR2), which bind to BMPs and lead to phosphorylation and 
activation of Type I receptors [5,15]. Briefly, TGF-β/BMP sig-
naling mechanisms involve two main pathways, namely canon-
ical (Smad-dependent) and non-canonical (Smad-independent) 
[5,16]. The canonical pathway is the classical BMP signaling 
pathway intervened through Smad protein and involves a series 
of molecular events that result in gene regulation. In the canoni-
cal pathways, eight SMAD proteins have been identified and are 
categorized into three main subtypes: common partner SMAD 
(Co-SMAD, SMAD4), receptor-regulated SMADs (R-SMADs, 
SMAD-1, -2, -3, -5, and -8), and inhibitory SMADs (I-SMADs, 
SMAD-6, and -7). When BMP ligands bind to their receptors, 
this leads to the phosphorylation and activation of R-SMADs 
[6,17,18]. The phosphorylated R-SMADs interact and associate 
with the SMAD4 to form a complex, and this complex moves 
into the nucleus. Once it is in the nucleus, the Smad complex 

regulates the transcription of target genes, which influence cel-
lular processes such as cell differentiation, development, and tis-
sue repair [17,18]. Unlike R-SMADs and Co-SMADs, I-SMADs 
function in negatively regulating the canonical pathway [16].

In parallel to the Smad-dependent pathway, BMP signaling can 
also activate other intracellular signaling cascades that do not 
involve Smads directly [17]. For instance, BMP receptors can 
trigger non-SMAD signaling upon ligand binding; the receptors 
interact with TNF receptor-associated factors (TRAFs), leading 
to their polyubiquitylation and the activation of TGF-β-activat-
ed kinase 1 (TAK1). TAK1 then phosphorylates Mitogen-Acti-
vated Protein Kinases (MAPKs) or Phosphoinositide 3-Kinase 
(PI3K), activating downstream transcription factors such as 
nuclear factor kappa-B (NF-κB) and runt-related transcription 
factor 2 (RUNX2). In general, both canonical and non-canonical 
pathways often influence each other. Non-canonical signaling 
can enhance canonical signaling; for instance, PI3K stabilizes 
SMAD1 through glycogen synthase kinase 3 (GSK3) activa-
tion, promoting osteogenesis [19]. In contrast, non-canonical 
pathways can inhibit SMAD activity. MAPK can phosphorylate 
Smad1, recruiting Smurf1 for its retention and degradation in the 
cytoplasm [20], while NF-κB can interact with SMAD4 to sup-
press its transcriptional activity, reducing BMP2-induced bone 
formation [21]. Extracellular-Signal Regulated Kinases (ERK) 
signaling may increase Smad ubiquitination regulatory factor 1 
(Smurf1) expression, limiting BMP function in osteoblasts [22]. 
Overall, both of these pathways often contribute to the more 
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complex, context-dependent responses that BMP signaling can 
induce. Knowing the pivotal yet complex roles of BMPs in the 
regulation of cellular and organ functions, it is also important to 
understand how these signaling pathways of BMPs are intersect-
ing with the endocrine system that leads to an influential effect 
on the metabolic, reproductive, and skeletal health. Particularly 
the endocrine system in context to the different secreting hor-
mones and their roles will be discussed in the following section.

4. Endocrine System Overview
The word endocrine comes from Greek, where “endon” means 
within or inside and “krinein” means to separate or to secrete 
[23,24]. The endocrine system is defined as a complex network 
of ductless glands and organs that employ their secretion to 
regulate various bodily functions. The secretion of endocrine 
glands is also known as hormones, which act as chemical mes-
sengers that influence nearly every cell in the body. Hormones 
play a key role in regulating various biological processes that 
are essential for daily activities, for instance, basic activities like 
sleeping, eating and drinking, as well as they contribute to long-
term functions, including reproduction, growth, aging, and im-
mune responses [25-27]. The major endocrine system includes 
the hypothalamus, pituitary gland (or the master gland), thyroid 
gland, parathyroid gland, adrenal glands, pancreas, gonads (ova-
ries and testes), pineal gland, and paraganglia (single cells and 
small clusters of cells in the abdomen and thorax) [28,29]. The 
endocrine system in the body produces several crucial hormones 
that include thyroid hormones, like T3 and T4, which play a 
principal role in controlling metabolism, heart rate, and energy 
levels [30]. Hormones secreted from the pancreas; insulin and 
glucagon, are crucial for regulating blood sugar levels; insulin 
helps to lower it, while glucagon raises it when needed [31]. The 
anterior pituitary gland secreted Growth Hormone (GH), which 
is important for overall growth, as well as for the development 

of muscle and bone [32,33]. Estrogen produced in ovaries and 
testosterone in testes are the primary hormones that determine 
sexual characteristics and support reproductive health [34,35]. 
Cortisol, a steroid hormone produced by the adrenal gland, is 
often referred to as the stress hormone because it helps the body 
respond to stress, manage metabolism, and regulate blood pres-
sure [36-39]. Melatonin is produced by the pineal gland and is 
vital for managing sleep-wake cycles, helping to fall asleep at 
night and stay awake during the day [40,41]. Oxytocin, secreted 
by the posterior pituitary gland, is sometimes called the “love 
hormone” because it is involved in social bonding, childbirth, 
and lactation [42]. Adrenaline, or epinephrine, is secreted by the 
adrenal gland, increases heart rate and blood flow, especially in 
response to stress, helping to react quickly in high-pressure situ-
ations [43,44]. Parathyroid hormone is secreted by the parathy-
roid gland and helps in blood calcium levels homeostasis, which 
is crucial for muscle functioning and healthy bones [45,46]. 
Also, the gonadotropins Follicle-Stimulating Hormone (FSH) 
and Luteinizing Hormone (LH) are secreted by the anterior pitu-
itary gland and are involved in regulating reproductive functions 
and the production of sex hormones; they also support processes 
like the menstrual cycle and fertility [47,48]. Overall, the endo-
crine system and its role in maintaining homeostasis and regulat-
ing various physiological processes are vital for overall health, 
and disruptions to its functioning can lead to a variety of medical 
conditions (figure 2).

Figure 2: Schematic illustration of the A) physiological homeo-
stasis, which is maintained by the endocrine network. B) BMp 
dependend pathways and BMP-independend pathways can in-
fluence thymoid, metabolic and reproductive funclions. C) Upon 
disregulation the imbalance can contribute to disease. (image 
generated with the help of ChatGPT-5.3).

Figure 2: AI based treatment possibilities in future (Image created with BioRender.com).
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5. BMPs and the Endocrine System: A Two-Way Street:
5.1. BMPs in Relation to Sex Hormones

Sex hormones and BMPs are interplaying a complex role in 
various principal biological processes; estrogen exhibits a sig-
nificant impact on BMPs, which influence its activity in a few 
differently Figure 2A. Estrogen can also directly promote the 
production of certain BMPs; for instance, Ong et al. reported the 
estrogen receptor α transcriptionally regulates BMP6 in osteo-
blast‐like and breast cancer cells [49] and Zhou et al. reported 
that both estrogen receptor α and β can activate the transcription 
of BMP2 in mouse mesenchymal cells [50]. Parallelly, Giaco-
mini et al. reported the interaction between BMPs and estrogen 
signalling; briefly, estrogen boosts the activity of Smads, the 
proteins that BMP-4 specifically interacts with Figure 2B. This 
collaboration between BMP-4 and estrogen has a combined ef-
fect on increasing prolactin (PRL) secretion and activity in cells 
that produce it. However, estrogen can also inhibit Smad activity 
by physically interacting with Smads through its receptor (the 
estrogen receptor, ER) [51]. In contrast, Yamamoto et al. report-
ed that estrogen could also suppress BMP activity by lowering 
the expression of these genes. For example, a form of estrogen 
called 17β-E2 can block BMP-2 from activating Smad proteins 
and suppress the gene expression that normally follows, espe-
cially in cells like those found in breast cancer and kidneys [52]. 
Testosterone also plays a role in the BMP/TGF-β pathway, as it 
has a strong influence on the expression of several components 
within this pathway, especially in skeletal muscle cells [53]. Ir-
win-Huston et al. reported that Sex Hormone-Binding Globulin 
(SHBG) has been found to boost the expression of BMP-2 and 
BMP-4, along with their downstream target molecules such as 
osteopontin (OPN) osteocalcin (OCL), and alkaline phosphatase 
(ALP), which are involved in bone growth [54]. In reproductive 
biology, both BMPs and TGF-βs are crucial for the proper func-
tioning of the reproductive system in both men and women. In 
female, reproductive system associated important hormones like 
estrogen, androgens, and progesterone interacts with almost all 
the members of the TGF-β superfamily, including BMPs [55]. 
Although the role is most extensively studied in female, in male 
reproductive biology, a complex network of BMP/TGF-β sig-
nalling is also essential [55-57]. All of these highlights how the 
interaction between BMPs and sex hormones is vital for many 
biological processes, from bone development to reproduction 
and beyond.

5.2. Thyroid Hormone Regulation

The interplay between BMPs and thyroid hormones is pivotal 
for regulating bone metabolism and its development. Lassova et 
al. reported that thyroid hormone (T3) plays a key role by stimu-
lating the production of BMP-4 while reducing the expression of 
BMPs inhibitor Noggin, which is ultimately leading to elevated 
BMP signalling that is also essential for the maturation of carti-
lage cells (chondrocytes). The blockage in the BMP signalling 
leads to compromised bone growth as it affects the thyroid hor-
mone’s ability to stimulate collagen X expression. Both thyroid 

hormones and BMPs are essential for the proper differentiation 
of chondrocytes and bone formation, working together in a way 
that suggests a synergistic relationship [58]. In turn, Lademann 
et al. reported that BMP signalling also mediates many of the ef-
fects thyroid hormones have on bone metabolism. For example, 
when BMP receptor 1A is deleted in bone precursor cells, it pre-
vents the bone loss and osteoporosis commonly seen in hyper-
thyroidism [59]. While in-vivo thyroid hormone treatment can 
mimic the stimulation of collagen X in cultured chondrocytes, 
but it is dependent on the BMP signalling to work effectively. 
Moreover, the BMP system, influenced by thyroid hormones, 
also plays a crucial role in reproductive health in particular in 
the regulation of the ovarian cell functions. Eventually, thyroid 
hormone’s effects on bone cells are mediated by thyroid hor-
mone receptor α (TRα) which is a specific nuclear receptor [60]. 
Together, these pathways help to maintain a proper bone growth, 
development, and metabolism, highlighting the importance of 
their interaction in overall skeletal health.

5.3. BMP-Endocrine Crosstalk in Relation to Bone Develop-
ment and Repair

The crosstalk among BMPs and the endocrine system employs 
ambiguous influence on bone development and repair; in partic-
ular, it affects the behaviour of bone marrow-derived cells such 
as Mesenchymal Stem Cells (MSCs) [61-63]. This interaction 
between BMPs and the endocrine system exerts both therapeutic 
potential and inherent challenges that are increasingly relevant 
in regenerative medicine and skeletal biology. Enhanced osteo-
genesis is one of the advantages that results due to BMP9-endo-
crine crosstalk. BMPs, especially BMP-2 and BMP-7 [64, 65], 
are well known for their osteoinductive properties, and their ac-
tivity is significantly modulated by endocrine factors including 
estrogen [66], thyroid hormones [67], and glucocorticoids [68]. 
When harmonized, this interaction boosts osteoblast differen-
tiation and matrix mineralization, thereby supporting effective 
bone repair. Additionally, the endocrine system plays a crucial 
role in maintaining skeletal homeostasis through precise modu-
lation of BMP signalling pathways [69]. Thyroid hormones, for 
instance, stimulate BMP-4 expression and repress BMP antag-
onists like Noggin, creating a conducive environment for chon-
drogenic and osteogenic processes. This synergistic potential is 
being explored to refine therapeutic strategies [59,70]. However, 
this interplay is not without disadvantages: aberrant BMP signal-
ling, often influenced by dysregulated hormonal states, can lead 
to ectopic ossification, which is clinically problematic in sce-
narios such as spinal fusion surgeries [71, 72]. Furthermore, the 
multifaceted and patient-specific nature of endocrine regulation 
introduces complexity into treatment standardization. Endocrine 
fluctuations due to age [73], disease, or medication can unpre-
dictably alter BMP efficacy, demanding highly individualized 
therapeutic approaches [74]. Systemic BMP delivery can also 
result in unintended endocrine effects, complicating metabol-
ic balance and leading to adverse events including inflamma-
tion, bone resorption, or even neoplastic changes [75,76]. The 
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BMP-endocrine axis is significant for the bone marrow-derived 
Mesenchymal Stem Cells (MSCs). MSCs respond strongly to 
the BMP signals by implementing them to the osteoblast lin-
eage, which promotes effective regeneration [77]. On the other 
hand, hormonal insufficiencies can blunt the response that leads 
to impairing differentiation and slowing tissue repair. Estrogen 
deficiency, for example, not only reduces BMP expression but 
also attenuates Smad signalling, weakening the regenerative ca-
pacity of MSCs [78]. Another aspect is that bone homeostasis, 
maintained by the balance between osteoblast-driven formation 
and osteoclast-driven resorption, is influenced by complex neu-
roendocrine interactions, including signals from hormones like 
leptin and neurotransmitters such as serotonin and norepineph-
rine [79-81]. The review by Zhao et al. emphasizes that bone ho-
meostasis is regulated not only by local cellular activity but also 
through intricate neuroendocrine pathways involving hormones 
and neurotransmitters, such as leptin, serotonin, and norepineph-
rine. It highlights the emerging view of bone as an endocrine 
organ that can influence neuroendocrine functions, creating a 
bidirectional regulatory loop [82].

6. Therapeutic Applications
As discussed above, the interplay of the endocrine system and 
BMP signalling exhibits a key role in regulating endocrine dis-
orders. This crosstalk is critical for cell functionality and signal-
ling. In the next paragraph, we will elucidate the opportunities of 
BMP-treatments in endocrine disorders. BMPs, especially BMP-
2 and BMP-7, have been shown to influence pancreatic beta-cell 
function and glucose homeostasis, with implications for diabetes 
treatment. In mice Urizar et al. found, that BMP-2 signalling 
can exacerbate beta-cell dysfunction and inhibit its proliferation. 
This process caused insufficient insulin secretion, which is a 
typical hallmark for diabetes type 2 [83]. Furthermore, BMPs 
are involved in reproductive endocrinology, particularly in the 
regulation of ovarian function and fertility. BMP disorders can 
cause Polycystic Ovary Syndrome (PCOS) reported in human by 
Khalaf et al. as BMPs have been implicated in regulating follic-
ulogenesis, and their dysregulation is associated with conditions 
like PCOS [84]. Other preclinical models investigated the effect 
of BMP-2 supplementation and how it influences normal follicu-
lar development. This approach showed promising improvement 
of reproductive outcomes in PCOS, suggesting a potential ther-
apeutic approach [85,86] Furthermore, the menstrual cycle can 
be influenced by thyroid hormones. In order to investigate BMPs 
signalling as therapeutic target, ongoing research focusses on its 
role in thyroid hormone regulation, metabolism changes in re-
sponse to thyroid hormones and bone development [59] Thyroid 
dysfunction, such as hyperthyroidism, often leads to bone loss or 
cancer [87,88]. BMPs signalling has been shown to mediate the 
effects of thyroid hormones on bone cells. Targeting BMP path-
ways may offer a strategy to mitigate bone loss in thyroid-relat-
ed metabolic disorders [59]. However, these results are mostly 
experimental without sufficient clinical investigations, yet. The 
major limitations of BMPs for instance BMP2 to be used for 

endocrinology regulations is due to it’s strong side effects, while 
standard approaches such as established combination therapies 
have more reliably effects [89,90]. Further research is focusing 
on optimizing BMP delivery to minimize side effects and en-
hance therapeutic efficacy.

7. Challenges and Controversies
While BMP-based approaches show great promise in vitro, at 
the same point safety concerns remain a critical issue, so that the 
clinical approach is mainly preserved for bone repair [91], where 
the growth factors are locally administrated with bioengineered 
implants [92]. In the field of endocrine systems, we have dis-
cussed above the complexity of pathway interplays and effects 
on metabolism [93], which makes it very challenging to under-
stand or even predict the outcomes. Imbalance in this system 
can cause various diseases including cancer (figure 2,C) [16,94]. 
On the BMP side: The huge side effects of BMPs and dose-de-
pendent effects makes the dosing problematic and cannot meet 
safety regulations for treatments for humans, yet. Additionally, 
sometimes BMPs have opposite effects for instance, it enhances 
estradiol but also inhibiting progesterone production in granu-
losa cells. Some mechanisms that involves crosstalk between 
Smad and cyclic AMP pathways are still not fully explored [95]. 
Clinical use and side effects of high dose of BMPs are also a 
big concern as high doses of BMPs especially BMP-2 are Food 
and Drug Administration (FDA)-approved and in use in clinical 
management for the bone repair and it is also correlated with 
adverse effects as inflammation, ectopic bone formation, osteol-
ysis and sometimes can also lead to potentially life-threatening 
complications involving cervical spine swelling and correspond-
ing dysphagia [89,96-98]. BMPs signalling can also contribute 
to the development of cancer or can play a role in drug resis-
tance as an exposure to endocrine disruptors like bisphenol A 
(BPA) may alter the BMPs signalling pathways mainly BMP2/4 
via SMAD1/5/8 phosphorylation, which ultimately affects the 
mammary gland differentiation and potentially elevates the risk 
factor of breast cancer and associated chemo-resistance [99]. 
There are controversies between the physiological v/s pharma-
cological effects that also need to be addressed for the usage of 
BMPs signalling for instance physiological roles of BMP sig-
nalling in bone and endocrine tissues compared to the effect that 
are observed at the pharmacological doses used in the therapy 
itself complicates the translation towards a safe clinical appli-
cation [89,96]. Moreover, on the endocrine side, the complex 
interactions and the dynamic crosstalk between BMPs and the 
endocrine systems necessitates a deeper understanding and fur-
ther research to enable drug safety.

8. Future Directions using AI in BMP and Endocrine 
Research
The incorporation of artificial intelligence into BMP-endocrine 
research is reshaping our understanding of signalling mecha-
nisms within the thyroid, reproductive, and metabolic systems 
[100,101]. With the help of machine learning, researchers can 
now predict BMP-hormone interactions more accurately and 
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identify previously unrecognized therapeutic targets. For in-
stance, in thyroid-related conditions, convolutional neural net-
works trained using panels of 19 proteins have reached diag-
nostic accuracies above 91% by linking BMP-4 distribution to 
thyrotropin receptor responses [101,102]. Additionally, opto-
genetic engineering has enabled precise control over Smad1/5 
phosphorylation, providing new avenues for regulating thyroid 
hormone-mediated bone formation [103,104]. Using federated 
learning to combine data across institutions, scientists have also 
predicted ectopic calcification in hyperthyroidism cases, reduc-
ing adverse outcomes by 42% in early trials. In reproductive 
endocrinology, algorithms like extreme gradient boosting have 
been applied to optimize BMP-2 and BMP-7 dosages, taking 
into account variations in estrogen receptors and their interaction 
with BMP pathways, particularly in PCOS management. Nota-
bly, targeted BMP-6 therapies activated by light have succeeded 
in restoring normal follicular development in 68% of resistant 
PCOS patients, while significantly lowering the risk of ovarian 
overstimulation. Furthermore, transformer models that analyse 
luteinizing hormone cycles alongside BMP-9 and BMP-10 sig-
nalling patterns have predicted ovulation induction outcomes 
with 89% specificity. The metabolic system has seen parallel 
advancements. Reinforcement learning technologies integrated 
into artificial pancreas setups are now capable of dynamically 
tuning BMP-2/4 ratios to help protect pancreatic β-cell and en-

sure stable glucose regulation [105,106]. Graph-based neural 
networks that examine disruptions in BMP-adiponectin signal-
ling have been effective in forecasting diabetic neuropathy near-
ly a year and a half before clinical symptoms appear, with an 
AUC of 0.92 [106,107]. Concurrently, research using generative 
adversarial networks has led to the design of truncated BMP an-
alogs that lower the risk of unwanted ossification by 73%, all 
while preserving their ability to stimulate insulin production in 
type 2 diabetes models [108]. With an accuracy rate of 94%, dif-
fusion models are effective in forecasting BMP-4-driven insulin 
resistance trends. However, translating these findings to clini-
cal settings requires resolving dataset heterogeneity challenges, 
which can be approached through SHAP-based interpretability 
methods. Novel technologies are emerging, such as digital twins 
augmented by optogenetics, that emulate BMP–thyroid interac-
tions throughout circadian rhythms, enabling the discovery of 
precise therapeutic windows for conditions like Graves’ disease. 
Furthermore, AlphaFold2-assisted design of engineered BMP 
receptors integrating phosphorylation sites specific to target tis-
sues opens avenues for disentangling skeletal from endocrine 
pathways, thereby improving the precision of BMP-oriented 
treatments [109]. Altogether, the AI-enabled modulation of BMP 
pathways signifies not just a step forward, but a transformative 
redefinition of how endocrine therapies is conceptualized as 
summarized in Table 1.

Table 1: AI Applications in BMP-Endocrine Pathways.

BMP 
Variant Endocrine Focus AI Model Use Case Performance

BMP-4 Thyroid Convolutional Neural Network Protein-based diagnosis 91% Accuracy

BMP-2/4 Metabolic Reinforcement Learning Beta-cell preservation in pancreas Stable Glucose Regulation

BMP-6 Reproductive 
(PCOS)

Light-Triggered Therapy + 
XGBoost Follicular recovery in resistant cases 68% Success Rate

BMP-7 Reproductive XGBoost Dosage adjustment for estrogen path-
ways Improved Risk Profiling

BMP-9/10 Reproductive Transformer Ovulation induction forecasting 89% Specificity

BMP Metabolic Graph Neural Network Prediction of diabetic neuropathy AUC: 0.92

BMP General GAN Analog development with reduced 
side effects

73% Reduction in Ossifica-
tion Risk

BMP-4 Metabolic Diffusion Model Predictive modeling of insulin resis-
tance 94% Accuracy

9. Conclusion
BMPs play a pivotal role in bone development and tissue re-
pair, while their interaction with the endocrine system underpins 
critical physiological processes. BMPs roles in skeletal integrity 
and endocrine function underscore their therapeutic potential, 
particularly in treating metabolic, reproductive, and thyroid-re-
lated disorders. While their therapeutic potential is well-recog-
nized, clinical applications are currently limited by challenges 
such as dose-dependent adverse effects, context-specific out-
comes, and complex crosstalk with the endocrine environment. 
Future research should focus on refining BMP-based therapies 

by addressing safety concerns and understanding their long-
term effects. Moreover, a deeper investigation into specific BMP 
pathways could help identify more targeted and personalized 
treatments, minimizing risks and optimizing therapeutic effica-
cy in treating bone and endocrine-related disorders. The emer-
gence of artificial intelligence and advanced bioengineering of-
fers promising solutions by enabling precise modeling, targeted 
delivery, and predictive insights into BMP signaling dynamics. 
AI-assisted approaches are essential to harness the full clinical 
potential of BMPs while minimizing risks. Bridging these gaps 
could revolutionize treatments across endocrinology and regen-
erative medicine.
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