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INTRODUCTION 
 

Aging, an inherent biological process, is characterized 

by the gradual decline in the efficiency of physiological 

and cellular functions over time, eventually leading to 

an increased susceptibility to diseases, dysfunction, and 

mortality [1]. Numerous studies have contributed to the 

current understanding of the interconnected events that 

occur at the molecular level concerning aging and 

longevity. Several directions have been extensively 

explored in this area from investigating telomere 

attrition, dysfunctional signaling pathways related to 

proteostasis, mTORC1 resistance, cellular and genomic 

instability [2] to identifying biomarkers, genetic 

variations, and the impact of distinct cell and tissue 

senescence on the age-related changes [3]. However, 

despite the current efforts of academia to dissect the 

molecular mechanisms underlying such processes, 

molecular mechanisms associated with aging remain not 

well-understood [4]. Aging, as a highly complex and 

multifaceted biological process, poses considerable 

challenges to traditional experimental and analytical 

methodologies in comprehensively deciphering its 

underlying mechanisms. Given the extensive inter-

related network of genes, proteins, and pathways 

implicated in aging, unraveling such intricate 

associations demands a powerful approach capable of 

recognizing complex patterns.  
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ABSTRACT 
 

Target discovery is crucial for the development of innovative therapeutics and diagnostics. However, current 
approaches often face limitations in efficiency, specificity, and scalability, necessitating the exploration of 
novel strategies for identifying and validating disease-relevant targets. Advances in natural language 
processing have provided new avenues for predicting potential therapeutic targets for various diseases. 
Here, we present a novel approach for predicting therapeutic targets using a large language model (LLM). We 
trained a domain-specific BioGPT model on a large corpus of biomedical literature consisting of grant text 
and developed a pipeline for generating target prediction. Our study demonstrates that pre-training of the 
LLM model with task-specific texts improves its performance. Applying the developed pipeline, we retrieved 
prospective aging and age-related disease targets and showed that these proteins are in correspondence 
with the database data. Moreover, we propose CCR5 and PTH as potential novel dual-purpose anti-aging and 
disease targets which were not previously identified as age-related but were highly ranked in our approach. 
Overall, our work highlights the high potential of transformer models in novel target prediction and provides 
a roadmap for future integration of AI approaches for addressing the intricate challenges presented in the 
biomedical field. 
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The application of Artificial Intelligence (AI) has 

demonstrated promising success in numerous areas of 

biomedical research [5]. AI algorithms in drug 

discovery have revolutionized the field by significantly 

reducing the time and resources required to identify and 

develop new therapeutic compounds [6–8]. Recent 

advances in AI have expanded its use in aging research, 

a field that investigates the complex multifaceted 

mechanisms associated with the aging process [9]. 

Particularly, AI algorithms were successfully applied in 

the establishment of deep aging clocks that incorporate 

deep learning techniques to analyze a wide range of 

molecular and physiological changes that occur during 

the aging process [10–12]. Furthermore, AI has been 

successfully applied to predict age-related biological 

markers which are critical in the development of novel 

interventions to delay or reverse aging and its associated 

conditions [13–15]. This growing body of research 

highlights the transformative potential of AI and LLMs 

in the realm of aging and biomedical research, offering 

promising perspectives in the development of novel 

strategies to promote healthy aging and combat age-

related diseases [6]. 

 

One of the key developments in AI is the emergence of 

large-scale language models (LLMs), which are 

powerful machine learning algorithms trained on vast 

amounts of text data to understand and generate 

language. These LLMs have been widely employed in 

diverse scientific disciplines, including biology and 

genomics, to enable sophisticated text-based analyses 

and predictions [16, 17]. Although the use of LLMs in 

the biomedical field still has not been comprehensively 

shown, we hypothesized that laden with the capacity to 

recognize intricate dependencies contained in vast 

volumes of scientific text, LLMs could present a 

powerful technique for age-centric research.  

 

One of the important challenges for LLMs’ efficient 

usage is incipient approaches for the information 

retrieval from LLMs. Furthermore, since LLMs suffer 

from interpretability issues, it has been challenging to 

translate their predictive power into biologically 

meaningful insights [18]. Therefore, it is crucial to 

develop new methods that can effectively address the 

challenges associated with information extraction from 

LLMs and contribute to the understanding of complex 

biological networks and processes. Considering the 

limitations of the information retrieval from LLMs, we 

aimed to tackle this task in the application to target 

discovery within the framework of aging. We first 

devised a pipeline for information extraction from 

LLMs based on the estimation of the probability of the 

next token given the prompt. We applied this pipeline 

for the ranking of proteins according to their 

relationships with 14 age-related diseases and aging. 

Besides the task of target discovery as in our case, the 

proposed method could provide the basis in any task 

implying the ranking of the given list of subjects. We 

also showed that LLM pre-training with task-specific 

texts significantly impacts the overall model 

performance. Finally, we demonstrate the LLM-based 

approach is powerful in the identification of novel age-

related targets, which were not previously reported by 

the standard target discovery techniques. Ultimately, 

our findings could provide the solid basis for further 

study of the efficient usage of LLMs in the domain-

specific tasks. The presented pipeline proposed a new 

approach for target discovery and provides new insights 

into complex molecular mechanisms underlying 

pathologies and potential therapeutic strategies. Overall, 

our findings emphasize the importance of adopting 

data-driven approaches for identifying potential 

therapeutic targets and provide a roadmap for future 

research in the field. 

 

RESULTS 
 

The next token retrieval allows efficient information 

extraction from LLM 

 

LLMs hold significant potential for biologically-related 

applications, although efficient extraction of the 

relevant information is a known obstacle for extended 

application of the models [19]. Most of the LLMs 

published recently are trained on the continuation of the 

text when the next word is chosen based on the context-

aware words’ probability distribution learned from 

previously shown context [20]. Thus, the prediction of 

the next word given the prompt could be the promising 

methods for LLM-based information extraction in the 

task of ranging the list of known subjects. A medically 

important task with a matching objective is the target 

prioritization for a given disease. In this work, we 

proposed a pipeline for target discovery based on the 

LLM-retrieved probability of the gene to be the next 

word in the disease-related context.  

 

The general pipeline included the construction of the 

disease-related prompt, retrieval probability of several 

tokens continued from the initial prompt and the 

calculation of genes probability (Figure 1A). The main 

model used for the study was the BioGPT-based model 

that comprises the basic BioGPT with additional pre-

training with more than 900K grants. BioGPT is a pre-

trained transformer specifically developed for 

biomedical text generation and mining [21]. We 

hypothesized that additional training of the model with 

subject-related data distinguishable from the initial 

training data content allows the increase of model 

performance. Initial BioGPT was trained on the 

PubMed full text papers and abstracts that comprise 
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articles, which are related to various domains of Life 

Sciences and not Biology specifically. Therefore,  

we intended to train the model with the data more 

relevant to target discovery for its further usage in  

target prediction tasks. We selected the internal 

InsilicoMedicine comprehensive dataset of grant 

proposals as they often contain detailed description of 

target mechanisms of action in the specific disease in 

contrast to PubMed paper that comprise general 

information along with pharmaceutically related texts.  

 

We utilized the BERTopic model [22] for the 

identification of the prevalent topic within PubMed and 

grant texts. First, the results have indicated that topics 

are indeed different between these two text corpus. 

Moreover, the topics identified for grant proposals have 

appeared to be more relevant for target discovery 

(Figure 1B, 1C). The 20 main topics identified for 

grants were closely related to human health and specific 

conditions or organs (topics 0-4, 8, 10-12, 14-15, 17, 

18) or health in general (topics 5 - 7, 9, 16, 19, 20). In 

contrast, topics of PubMed text were more hetero-

geneous. Also, along with the human-related 

information, there were articles devoted to animal 

studies (topics 3, 8, 21) and other fields of Life Science 

(topics 1). Altogether, training on grants, which is both 

distinct from the initial data corpus and contains target-

related information, could be the promising approach 

for the model performance in the target discovery task.  

 

We next optimized the prompt to make it suitable for 

the selected task of the next word prediction. Prompts 

were constructed in a way to increase the probability of 

the next word to be the abbreviation of the human gene. 

The efficiency of the prompt was estimated based on 

the number of genes found in the top 1K words ranged 

on the probability. The final prompt used for the task is 

as the following: “human gene targeted by a drug for 

treating {DISEASE} is the”. Notably, the increase in 

the prompt length negatively influenced the outcome

 

 
 

Figure 1. The main method utilized in the work. (A) The general pipeline of the work. (B) Predominant topics for the grant and  

(C) PubMed texts identified by BertTopic. (D) Distribution of token lengths for protein-coding genes. (E) The number of unique tokens placed 
in the noted positions within the gene name.  
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while the addition of an article (i.e. “the” or “a”) at the 

end of the prompt had the opposite effect.  

 

One of the major parts of the pipeline development was 

to establish the procedure for the gene name probability 

estimation. We utilized the general tokenizer provided 

by Microsoft for BioGPT that contains only a part of the 

gene's names in the vocabulary. Thus, most of the genes 

are coded with 2 to 7 tokens, while only less than 2% of 

the genes are directly found in the vocabulary (Figure 

1D, 1E). Thus, to estimate the probability of the gene 

name with several tokens, the tokens were iteratively 

added to the initial prompt for the calculation of the 

next token probability (Figure 2). The total probability 

of the gene was calculated as the multiplication of its 

tokens probabilities.  

 

To account for the different token number in the gene 

name, we applied various normalization procedures and 

validated their effectiveness through internal testing. 

We identified two steps where the normalization could 

be applied, specifically, to the individual tokens on each 

iteration and the final product of the probabilities for all 

gene tokens. As only a small number of tokens 

corresponds to the gene names, we first tested 

individual tokens normalization at each step. Aiming to 

address the lowering of probabilities due to the 

prevalence of tokens not related to genes, we divided 

each token probability by the sum of probabilities of 

gene tokens (Figure 3A, “Total sum”). Also, we tested 

and considered the two approaches where genes 

finished in selected iteration (with the total token length 

equals to the round number) and continued genes (with 

the total token length exceeding the round number) 

separately (Figure 3A, “Separate sum”). According to 

the validation metrics, the normalization of the 

individual tokens in each iteration that resulted in the 

sum of all gene tokens equals to 1 has shown the best 

performance (Figure 3C). We next proceeded with  

the normalization of the final product of tokens 

probabilities. As the multiplication of several 

probabilities impaired the results for genes with longer 

names, we first applied approaches to correct for 

multiplication impact (Figure 3C, “Total sum ** 1 / 

length”). Additionally, we tested the approaches for 

decreasing the probability of genes with longer names, 

as we hypothesized that normalization procedure 

applied to each individual token could lead to 

overestimation of its value. Indeed, we observed the 

increase in metrics for the approach with the division of 

the final probability by the length of tokens within the 

gene name (Figure 3C, “2. Final probabilities 

normalization according to the number of tokens in a 

gene name”). Notably, the increase was observed in all 

tested combinations independent of the individual 

tokens normalization method. Additionally, we attempted 

 

 
 

Figure 2. Overview of the established approach of the retrieval of the next token probability using BioGPT model. 
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to identify the best parameter for final normalization. 

The results suggested that parameter does not 

significantly affect the performance, however parameter 

equals to 1 yields slightly better results (Figure 3C, “3. 

Variation of the parameter for the final normalization”). 

Finally, we also observed that name lengths of known 

targets are distributed differently from all genes in total: 

only genes with names of 1 to 5 tokens are presented 

(Figure 3B). This observation is in line with the 

construction of the vocabulary for BioGPT that the most 

common genes, which are abundant in the training text 

datasets, appeared in the vocabulary as they frequently 

encountered. Thus, we also applied approaches for 

filtering out genes with the name length longer than 5 

tokens. This cut-off was selected as no longer than this 

value was observed for known targets. 

 

The results have shown that the model that involved the 

full list of genes, normalization to 1 on each interaction, 

and the normalization of the final product by the 

division of the name length outperforms other model 

versions. Altogether, we have shown that identification 

of word probabilities with LLMs should be carefully 

considered due to the limitation of the vocabulary size 

and identified the possible ways for normalization. 

Lastly, we have shown that the constructed pipeline 

allows efficient task-specific information extraction 

from LLM specifically used for the target discovery 

task. 

 

Training of BioGPT with the relevant to target 

discovery information increase the performance of 

the model 

 

The established pipeline was used to estimate the 

performance of several modifications of BioGPT 

models to check if the training with additional data 

could improve the task-specific performance. Our main 

focus was on the initial BioGPT and the one trained 

with grants (BioGPT-G), but we also included two 

versions of BioGPT Large with increased parameter 

size: the basic one and the one trained with PubMedQA

 

 
 

Figure 3. Variations of the token probability normalization. (A) Strategies for probability normalization at the step of 

the individual token probability retrieval (1) and final calculation of the total gene probability based on the tokens within its 
name (2). (B) Distribution of token lengths for protein-coding genes, for which the therapeutics are available (“is known 
target”) and not (“not known target”). (C) Validation metrics for the approaches of gene tokens normalization in the target 
identification task. 
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dataset (Figure 4A). Based on the validation metrics, 

training with additional relevant data promotes an 

increase in performance in target discovery tasks 

(Figure 4B). It was observed for both grants information 

and PubMedQA dataset. The general increase of 

BioGPT Large performance could be connected with 

the high parameters number.  

 

Notably, the increase in performance was more 

pronounced for training with grants information 

compared with the PubMedQA. As PubMedQA dataset 

comprised only the short answers “yes/no/maybe” to 

biomedical questions that could be highly overlapped 

with PubMed abstract information [23], the grant 

abstracts could be more efficient for training and 

consequent model usage in target discovery. Altogether, 

pre-training of the established model with data that 

would be both different from the training set and 

relevant to the selected domain could be a powerful 

method for the task-specific model optimization. 

 

BioGPT-trained on grants is a powerful model in 

targets discovery 

 

We next used a proposed approach for information 

retrieval with BioGPT-G to rank genes according to 

their association with aging. The top 200 entries 

(Supplementary Table 1) were selected for further 

investigation. Initially, we checked the intersection of 

this list with known age-related genes obtained from the 

GenAge database [24]. We have observed a significant 

overlap with 47 out of 200 genes appearing to have a 

known association with aging (p < 0.001; Figure 5A). 

For the comparison, we retrieved the genes that are 

most commonly mentioned in the context of aging in 

PubMed though calculating the number of abstracts 

 

 
 

Figure 4. Performance evaluation for BioGPT-based models in the target discovery task. (A) The description of BioGPT versions 

considered for the evaluation in target discovery tasks. (B) Validation metrics for BioGPT models trained on different text corpus.  
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with the co-occurrence of the selected gene name  

and “aging”. Their intersection with the GenAge 

database comprised 15 genes (p < 0.001; Figure 5B). 

Additionally, we also performed Gene Ontology (GO) 

enrichment analysis for the top 50 genes ranked by 

BioGPT-G and observed the significant results (FDR 

adjusted p < 0.01) for 575 categories (Figure 5C and 

Supplementary Table 2). Notably, most of the top ranked 

categories express the evidence for the association  

with aging. Specifically, cellular processes related to 

metabolism, stress response, and kinase cascades are 

described as age-related in recent publications [25–27]. 

Altogether, the results suggest that the usage of LLMs 

could be more efficient in context-specific tasks 

compared with the traditional target discovery methods.  

 

We next aimed to gain more insights into the difference 

between the gene ranking with LLM and context search 

in PubMed. As standard ways of LLMs’ explainability 

methods are not established, we decided to focus on the 

investigation of protein embeddings. For that, we 

obtained protein representations with BioGPT  

and constructed the graph with vertex weights corres-

ponding to cosine similarities between protein nodes. 

We hypothesized that during the training, BioGPT 

learns not only the probabilities of the words in the 

specific context, but also creates the internal 

associations of word similarities. Thus, we expected to 

see that nodes corresponding to the proteins, which are 

not highly mentioned with “aging” in PubMed texts but 

selected as age-related by BioGPT, should be placed 

closely on the graph to the proteins both co-mentioned 

with “aging” and selected as age-related by BioGPT 

(Figure 5D). As the measurement of the proximity, we 

selected the shortest path length. According to the 

results, the nodes of the proteins that were solely 

selected by BioGPT indeed lay significantly closer in 

the latent space compared with other nodes (Figure 5E). 

Thus, we proposed that along with efficient context-

specific search the usage of LLMs allows leveraging 

more complex associations unavailable for other 

methods.  

 

Potential dual-purpose target discovery for aging 

and multiple age-related diseases 

 

To proceed with the identification of the dual-purpose 

disease and age-related targets, we first retrieved the list

 

 
 

Figure 5. Study of the top 200 age-related genes selected with the BioGPT-G model. Venn diagram of the intersection of age-related 

genes obtained with an established approach based on BioGPT-G (A) or PubMed (B) and GenAge database data. Hypergeometric p-value is 
shown. (C) GO enrichment analysis for the top 50 genes ranked by BioGPT-G as age-related. (D) The proposed position of the graph nodes 
corresponding to the proteins appeared in different age-related lists. (E) Box plot of the shortest path length between the nodes of proteins 
selected by BioGPT or random nodes and the nodes corresponding to the proteins both selected by BioGPT and most frequently co-mentioned 
with “aging”. One iteration out of 1000 is shown for the random nodes. Asterisks indicate permutational test p-value: **** - p < 0.00001. 
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of top 200 genes by BioGPT-G associated with each of 

the 14 age-related diseases (Supplementary Table 3), 

which were studied in one of the published works (Figure 

6A) [28]. We then intersected the obtained lists with the 

results for the age-related genes search. According to the 

results, there were 9 genes common for all of 14 diseases 

and aging, specifically VHL, EGF, PTH, RET, BRCA1, 

SRC, CCR5, MIP, TNF (Figure 6B).  

 

To investigate the novelty of the 9 obtained genes i.e., 

BRCA1, CCR5, EGF, MIP, PTH, RET, SRC, TNF, and 

VHL (Table 1), we have obtained additional data on the 

age-related targets including clinical trials and targets of 

drugs with anti-aging effect.  

 

Among these 9 genes, CCR5, MIP, and PTH are 

considered as novel age-related targets because their 

roles in aging were not reported previously based on the 

databases for experimentally validated age-related genes 

and compounds (DrugAge, GenAge, Geroproectors and 

Synergyage) as well as clinical trials data. Despite this, 

MIP is a candidate tumor suppressor, while BRCA1 and 

VHL are known tumor suppressors [29, 30]. The high 

scoring of tumor suppressors as associated with age and 

age-related diseases by our approach is in line with 

previous findings, which further suggested that tumor 

suppressor genes could be linked to aging [28]. 

However, targeting these tumor suppressors could be 

attributed to the increased risks of cancer development 

[31]. Thus, considering targets’ mechanisms of action 

according to the literature review, we propose three 

known age-related genes, TNF, SRC and RET, and two 

novel genes, CCR5 and PTH, as potential dual-purpose 

candidates for aging and age-related diseases. 

 

Evidence suggested that TNF-α/IFN-γ synergy amplifies 

senescence-associated inflammation and that TNF-α 

antagonism can rescue the effect of aging on stroke [32, 

33]. Moreover, dasatinib targeting SRC was considered 

as a senolytic used to remove senescent cells [34]. 

Furthermore, RET has been demonstrated to exhibit 

increased expression with age in rats [35]. RET binds to 

glial cell-line derived neurotrophic factor (GDNF) and 

other ligands to promote cell survival and proliferation 

via the PI3K/AKT and MAPK/ERK pathways [36]. In 

humans, RET is suggested to be associated with diverse 

subtypes of thyroid cancers [37]. Taken together, TNF, 

SRC and RET antagonisms are potential therapeutic 

approaches for aging and age-related diseases.  

 

CCR5 is a co-receptor with CD4 for HIV infection, and 

the receptor for several inflammatory CC-chemokines, 

i.e., CCL3, CCL4, and CCL5, to subsequently activate 

AKT and NF-kB signaling pathways [38, 39]. It is 

predominantly expressed on the cell membrane of 

macrophages and T cells [40]. Given its close 

connection with chemokines, CCR5 coordinates 

immune cell differentiation and migrations, as well as 

promotes inflammation [41–43]. Pathologically, besides 

HIV, it has been implicated in cancer [44] and other 

inflammatory disorders, such as inflammatory bowel 

disease [45] and rheumatoid arthritis [46]. Blockade of

 

 
 

Figure 6. Study of 9 genes that were ranked within the first 200 genes for each of the age-related diseases and aging by the 
BioGPT-G model. (A) The list of 14 age-related diseases previously studied by Pun et al. (B) Upset plot of the intersection of protein lists for 
14 diseases and aging retrieved with BioGPT-G. The intersection comprising 2 or more genes intersected with the “Aging” list are shown.  
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Table 1. A list of 9 targets predicted to be associated with aging and all 14 age-related diseases by BioGPT-G. 

Targets Protein family Clinical trial status1 
Known as age-related  

genes2 

Potential dual-purpose 

candidates3 

BRCA1 Acyltransferase No Yes No 

CCR5 GPCR Yes No Yes 

EGF Growth factor No Yes No 

MIP Generic protein No No No 

PTH Generic protein No No Yes 

RET Receptor kinase Yes Yes Yes 

SRC Tyrosine kinase Yes Yes Yes 

TNF Tumor necrosis factor Yes Yes Yes 

VHL Ligase No Yes No 

1Any investigational or approved drugs associated with the targets. 
2Genes were considered age-related if they were found on databases for experimentally validated age-related genes and 
compounds (DrugAge, GenAge, Geroproectors and Synergyage) and clinical trials data. 
3Targets not considered as potential dual-purpose candidates were due to either (1) tumor suppressor properties or (2) 
opposite direction of therapeutic approaches between aging and age-related diseases. 

 

CCR5 is suggested to be beneficial to treat these 

disorders [44, 47, 48]. Furthermore, CCR5 has been 

found to promote neuroinflammation, therefore 

inhibiting it can provide neuroprotective benefits [49]. 

Additionally, studies have shown that CCR5 can 

accelerate the development of Alzheimer's disease [50]. 

Cenicriviroc, which is a dual antagonist of CCR5 and 

CCR2, has been found to be effective in slowing the 

progression of non-alcoholic fatty liver disease [51] and 

reducing liver damage in rodents with cholestasis [52]. 

Therefore, CCR5 antagonism is a promising therapeutic 

approach for aging and age-related diseases.  

 

Parathyroid hormone, encoded by PTH gene, maintains 

extracellular calcium and phosphorus homeostasis and 

facilitates renal vitamin D synthesis. PTH is synthesized 

in the parathyroid glands, and exerts its function in  

the kidneys, bones, and small intestine [53]. 

Mechanistically, upon the drop of extracellular calcium 

level, PTH stimulates calcium absorption in the small 

intestine and kidney, promotes renal phosphate 

excretion, and enhances bone resorption to increase 

calcium release in order to resume normal serum 

calcium level [54]. Serum levels of PTH were found to 

increase with age in humans [55] and are linked to age-

related syndromes such as frailty [56], osteoporosis 

[57], and sarcopenia [58]. PTH administration in rats 

impairs energy production, transfer, and utilization in 

skeletal muscles [59], suggesting that PTH antagonism 

may be a potential therapeutic approach for aging and 

aging-related conditions.  

 

In addition, considering their mechanisms of action and 

druggability, GDNF, NGF, BDNF, CXCR4, MYC and 

TH, being the top 200 aging targets that occur in more 

than 10 age-related diseases identified by BioGPT-G, 

were also considered as potential dual-purpose candidates. 

 

DISCUSSION 
 

The advance in the natural language domain has 

permitted the development of LLMs, which have proven 

to exhibit remarkable performance in various complex 

tasks [60]. Despite the constant development of new 

models, the methods required for efficient information 

extraction from these models remains insufficiently 

understood. The lack of such approaches impedes the full 

potential of LLMs and significantly limits their 

applicability, especially in the domain-specific tasks. 

Therefore, our objective was to establish an approach for 

information retrieval from LLMs that can be applied to 

rank a given list of subjects. Specifically, we focused on 

the target prediction for the selected disease, which is 

among the most critical challenges in the biomedical 

field. We demonstrated that a ranked list could be 

generated from LLM through iterative calculation of the 

next token probability. Moreover, we have shown viable 

approaches to address the probability calculation for 

words containing more than one token. Our results 

demonstrated the high performance of the pipeline in 

target prediction, suggesting the potential of applying this 

method in the similar tasks of biomedical and other 

fields.  

 

Among the various general language models available, 

there exist multiple pre-trained field-specific LLMs that 

are trained on in-domain data. One of the major sources 

of data for training biology-related LLMs is PubMed, 
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which contains abstract and full texts of papers in Life 

Sciences [61]. We hypothesized that information used 

for training of domain-specific models may not be 

precise enough to allow the model to be efficiently used 

in narrow topics within this domain. Indeed, an analysis 

of the PubMed abstracts revealed that along with 

information on human health, this source contains 

articles related to other species and non-biological 

topics. Thus, we trained the BioGPT model [21], 

initially pre-trained by Microsoft on 15M PubMed 

abstracts, with an additional dataset containing texts 

relevant to target discovery. We assumed that research 

projects from National Institutes of Health (“grants”) 

could be useful for pre-training since biomedical grants 

descriptions mostly focus on drugs' impact on human 

health. Our results showed that training with grants 

could indeed enhance the performance of BioGPT in the 

target discovery task. Although training with grant texts 

was sufficient to show the model improvement, we 

suggest that larger and more comprehensive datasets or 

their combination could have a more significant impact 

on model performance. Also, we initially chose BioGPT 

for our work as a model with fewer parameters due to 

computational costs. We suggest that usage of BioGPT-

Large trained on grants or other relevant data distinct 

from PubMed could additionally increase the 

performance in the target discovery task. Overall, we 

propose the potential benefits of an additional LLM 

model training on texts relevant to the selected task for 

improved downstream performance. 

 

In this work, we focused on the application of the 

established pipeline to the identification of the potential 

targets related to aging, which is considered one of the 

most important risk factors for mortality. For that, we 

studied target prediction results for 14 age-related 

diseases and aging itself to identify the potential dual-

purpose targets that are connected with both aging and 

multiple age-related diseases. We have also undertaken 

the task of providing a simple approach that could 

enhance the interpretability of BioGPT output by 

application of graph-based methods on nodes retrieved 

with protein embeddings. As explanation of LLMs 

behavior poses a known challenge [62], and only a 

limited number of approaches have been proposed, we 

suggest that investigating embeddings could serve as a 

straightforward yet promising approach towards a 

generalized explanation of LLMs result. Our initial 

findings indicate that the application of the pipeline 

yielded biologically meaningful results as some of the 

proposed genes were previously described in the 

literature as age-related or related to the specific disease, 

respectively. Moreover, the analysis of the genes most 
frequently selected both as related to aging and age-

related disease by the model allows to identify the 

potential novel dual targets. Finally, we propose CCR5 

and PTH as novel dual-purpose disease and age-related 

targets based on the comprehensive analysis including 

the evidence of participation in age-related cell pathways, 

druggability, known therapeutics mechanisms of action.  

 

It is worth noting that our pipeline application is not 

limited to target selection. The ranking of a given list of 

subjects is a common biomedical task that involves 

revealing associations between biological terms such as 

genes, diseases, processes, drugs, etc. In addition to 

research purposes, this approach could assist medical 

doctors in conducting systematic reviews more 

efficiently by ranking relevant articles based on the 

selected topic. Furthermore, our pipeline can assist in 

ranking any subjects, even when a strict ranking 

criterion is not defined and a comprehensive under-

standing of large text corpuses is required. Therefore, 

we anticipate that our approach will have a wide range 

of potential applications in various areas, even beyond 

the biomedical field. 

 

Despite the potential benefits of the proposed approach 

for target selection, there are several limitations to 

consider. As discussed in the paper, the comprehensive 

explainability of LLMs is still lacking. This makes it 

difficult to accurately assess the ability of LLM-based 

approaches to identify complex associations between 

genes and diseases. As a result, the identification of 

potential novel targets may be impeded, especially when 

there is restricted availability of various types of 

information such as scientific papers, grants, known 

therapeutics on the selected protein. Additionally, while 

the pipeline demonstrated high performance in target 

prediction, our validation was limited to only 14 age-

related diseases. Therefore, it may be necessary to 

conduct more generalized performance estimation for a 

broader range of diseases and experimental validation of 

the predicted targets in order to obtain a more accurate 

estimation of the effectiveness of the proposed approach. 

Despite these limitations, our work demonstrates that pre-

trained LLMs, integrated within a structured information 

extraction pipeline, can exhibit significant efficacy in 

performing complex tasks specific to a given domain. 

These results could provide a strong foundation for 

further investigations in this field. 

 

MATERIALS AND METHODS 
 

Data collection and disease selection 

 

The list of genes was downloaded from The HUGO Gene 

Nomenclature Committee (HGNC) website [63] and 

filtered by the type. The final list of genes comprised 

19,333 gene symbols and standard names. The genes most 

commonly co-mentioned with “aging” in PubMed 

abstracts were identified with BioPython [64]. The list of 



www.aging-us.com 9303 AGING 

genes was ranked and top 200 genes by the co-mentions 

were selected. Also, the list of genes with the highest 

mention in the context of aging was retrieved. For that, we 

divided the number of publications where gene and 

“aging” were co-mentioned to the total number of 

publications mentioning the gene. This normalization was 

performed to account for the gene total prevalence within 

PubMed texts. Genes targeted by the investigated drugs 

that entered clinical trials with either aging or healthy 

aging as one of the disease conditions were obtained from 

the ClinicalTrials.gov. The list of genes that are targeted 

by compounds with anti-ageing properties were obtained 

by mapping of compounds found in DrugAge [65] and 

Geroprotector [66] databases to their known targets.  

 

We downloaded around 900 thousand National 

Institutes of Health (https://report.nih.gov/) research 

projects, which obtained funding (“grants”). We 

proposed that funding for research is a good marker of 

valuable projects which contain valuable domain-

specific knowledge. In this study we used abstracts of 

grants as texts for language model pretraining. 

 

In addition, we obtained a random subset of 100 

thousand PubMed (https://pubmed.ncbi.nlm.nih.gov/) 

article abstracts to analyze the common topics of this 

data source in comparison to grants topics. 

 

For target identification in age-related diseases, a list of 

14 previously published diseases according to the study 

of Pun et al. [28] was extracted. These diseases were 

selected based on their characteristics of having age as a 

strong risk factor for the disease’s onset.  

 

Text topic identification 

 

Random sample of 100 thousand publications was 

selected from the PubMed abstracts and grant texts for 

the following analysis. First, embeddings were retrieved 

with “all-mpnet-base-v2” sentence-transformers model 

[67]. Next, texts were pre-filtered by the removal of the 

stopwords with NLTK (Natural Language Toolkit) [68] 

and conversion to lowercase format. Prepared PubMed 

and grant texts and their embeddings were used for the 

identification of the prevalent latent topics with 

BERTopic [22]. The minimum number of sentences per 

topic was set to 15. Identified dense clusters were 

visualized with the “visualize_documents” function. 

 

BioGPT-G training  

 

We initially took a BioGPT model with 347 million 

parameters which is based on GPT-2 [69] medium size 

and pre-trained on 15 million PubMed abstracts. The 

training objective of this model is standard language 

modeling task, which aims to maximize log-likelihood 

of a next token given the context (def 1): 

 

21
( ),

M

t tt
def 1: maximize log p y y

=
  

 

where ( )t tp y y  is a conditional probability, M is a 

number of words in a context. 
 

To enrich the biomedical knowledge base of the chosen 

BioGPT model, we additionally pretrained it on more 

than 900 thousand grant abstracts by optimizing the 

same objective as for GPT-2 [69]. The pre-training 

lasted for around 40 hours with a train batch size of 16 

and gradient accumulation steps of 64 per device on 

four A5000 GPUs. For the optimization, we used Adam 

algorithm [70] with 100 warm-up steps and learning 

rate 5e-5. The original BioGPT tokenizer was used with 

the max length of input texts equal to 250 tokens with 

truncation, the distribution of input text lengths depicted 

in Figure 7A. We filtered out abstracts with less than 8 

 

 
 

Figure 7. (A) Learning curves. (B) Grant lengths distribution.  

https://report.nih.gov/
https://pubmed.ncbi.nlm.nih.gov/
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words total assuming that they don’t carry useful 

information. 

 

The training procedure was defined to 5 epochs due to 

time and computational resources limits, which is not 

enough for full model convergence, but still close to 

training and evaluation losses plato (Figure 7B).  

 

Model validation  

 

The sorted list of targets was produced for each model 

type and the top-k validation method was implemented/ 

The top-k gene list was evaluated on the effect strength 

and effect significance based on the log fold change of 

enrichment (ELFC) and hypergeometric p-value 

(HGPV) scores respectively. ELFC estimates whether 

the percentage of source nodes for a particular target 

node has increased within the top-k relative to the total 

percentage of known source nodes associated with this 

target node. In the application to the current task, the 

effect strength estimates the percentage of ADRs that 

were scored in top-k to a specific drug and, similarly, 

the percentage of drugs that were scored in top-k to a 

specific protein. ELFC was calculated by the following 

formula:  

 

( ) 2 ,k

N

targets N
ELFC score log

k targets

 
=  

 
 

 

where targetsk was the number of known targets for this 

disease in top-k (or 0.1 if there were none), and targetsN 

was the total number of known targets for this disease.  

 
Along with the effect strength, its significance was 

estimated based on the top-k hypergeometric test. 

HGPV score was calculated based on the following 

formula: 

 

( )( ) 10 1 ( , , , ) ,k NHGPV score log hgcdf targets k targets N= − −

 

where hgcdf is a hypergeometric cumulative 

distribution function. P-values indicate the probability 

of drawing targets-k or more known targets in k draws 

from a set of N genes with targets-N known targets. 

Thus, HGPV score represents -log10 of such p-values 

for each target node. Higher values of ELFC and HGPV 

corresponded to the higher predictive power of the 

protein-ADR association. 

 
Protein representation retrieval and graph 

construction 

 
To get proteins representations, the input text containing 

the prompt “The human age-associated gene is the” and 

the name of one of the genes was first tokenized and 

converted to PyTorch tensor [71] Then, token 

embeddings were computed with the following mean 

output pooling. The resulting vectors with the length of 

1024 corresponding to the individual proteins were used 

for the analysis. The similarity between the proteins 

were represented as cosine similarities between the 

embeddings, which were further used as vertices for the 

weighted graph.  

 

The weighted undirected graphs were constructed with 

NetworkX software [72]. First, the links between the 

proteins were filtered based on the cosine similarity cut-

off equals to 0.507 or the upper quartile of the cosine 

similarities distribution. Then, the shortest path was 

calculated using Dijkstra’s algorithm. As the source nodes 

the nodes corresponding to the proteins both co-

mentioned in PubMed abstracts with “aging” and selected 

as associated with aging by BioGPT. For the targets, the 

nodes corresponding to the proteins selected as associated 

with aging by BioGPT but not co-mentioned in PubMed 

abstracts and random proteins nodes for the main 

experiment and control were selected, respectively. 

 

Abbreviations 
 

AI: Artificial Intelligence; GO: Gene Ontology; HGNC: 

HUGO Gene Nomenclature Committee; iPSC: Induced 

pluripotent stem cell; LLM: Large language model; 

NLTK: Natural Language Toolkit. 

 

AUTHOR CONTRIBUTIONS 
 

DZ – developing of the described approach and 

manuscript writing, SP - model training, data analysis, 

manuscript writing, GL - data curation and manuscript 

reviewing, BL - targets selection and manuscript 

reviewing, AU and DS - conceptualization and results 

interpretation, EK - BERTopic application and 

visualization, AK - data curation, VN - project 

administration and conceptualization, FR - 

conceptualization, supervision, IO and AA - supervision, 

AZ – conceptualization, resources, supervision. All 

authors approved the manuscript. 

 

CONFLICTS OF INTEREST 
 

DZ, SP, GL, BL, AU, DS, EK, AK, VN, FR, IO, AA, 

and AZ are affiliated with Insilico Medicine, a 

commercial company developing AI solutions for aging 

research, drug discovery, and longevity medicine.  

 

FUNDING 
 

This study received no specific grant from any funding 

agency in the public, commercial, or not-for-profit 

sectors. 



www.aging-us.com 9305 AGING 

REFERENCES 
 
1. Guo J, Huang X, Dou L, Yan M, Shen T, Tang W, Li J. 

Aging and aging-related diseases: from molecular 
mechanisms to interventions and treatments. Signal 
Transduct Target Ther. 2022; 7:391. 

 https://doi.org/10.1038/s41392-022-01251-0 
PMID:36522308 

2. de Almeida AJPO, Ribeiro TP, de Medeiros IA. Aging: 
Molecular Pathways and Implications on the 
Cardiovascular System. Oxid Med Cell Longev. 2017; 
2017:7941563. 

 https://doi.org/10.1155/2017/7941563 
PMID:28874954 

3. López-Otín C, Blasco MA, Partridge L, Serrano M, 
Kroemer G. The hallmarks of aging. Cell. 2013; 
153:1194–217. 

 https://doi.org/10.1016/j.cell.2013.05.039 
PMID:23746838 

4. Cai Y, Song W, Li J, Jing Y, Liang C, Zhang L, Zhang X, 
Zhang W, Liu B, An Y, Li J, Tang B, Pei S, et al.  
The landscape of aging. Sci China Life Sci. 2022; 
65:2354–454. 

 https://doi.org/10.1007/s11427-022-2161-3 
PMID:36066811 

5. Zhavoronkov A, Bischof E, Lee KF. Artificial intelligence 
in longevity medicine. Nat Aging. 2021; 1:5–7. 

 https://doi.org/10.1038/s43587-020-00020-4 
PMID:37118000 

6. Zhavoronkov A. Artificial Intelligence for Drug 
Discovery, Biomarker Development, and Generation of 
Novel Chemistry. Mol Pharm. 2018; 15:4311–3. 

 https://doi.org/10.1021/acs.molpharmaceut.8b00930 
PMID:30269508 

7. Zhavoronkov A, Ivanenkov YA, Aliper A, Veselov MS, 
Aladinskiy VA, Aladinskaya AV, Terentiev VA, 
Polykovskiy DA, Kuznetsov MD, Asadulaev A, Volkov Y, 
Zholus A, Shayakhmetov RR, et al. Deep learning 
enables rapid identification of potent DDR1 kinase 
inhibitors. Nat Biotechnol. 2019; 37:1038–40. 

 https://doi.org/10.1038/s41587-019-0224-x 
PMID:31477924 

8. Kadurin A, Nikolenko S, Khrabrov K, Aliper A, 
Zhavoronkov A. druGAN: An Advanced Generative 
Adversarial Autoencoder Model for de Novo 
Generation of New Molecules with Desired Molecular 
Properties in Silico. Mol Pharm. 2017; 14:3098–104. 

 https://doi.org/10.1021/acs.molpharmaceut.7b00346 
PMID:28703000 

9. Marino N, Putignano G, Cappilli S, Chersoni E, 
Santuccione A, Calabrese G, Bischof E, Vanhaelen Q, 
Zhavoronkov A, Scarano B, Mazzotta AD, Santus E. 

Towards AI-driven longevity research: An overview. 
Front Aging. 2023; 4:1057204. 

 https://doi.org/10.3389/fragi.2023.1057204 
PMID:36936271 

10. Galkin F, Mamoshina P, Aliper A, Putin E, Moskalev V, 
Gladyshev VN, Zhavoronkov A. Human Gut 
Microbiome Aging Clock Based on Taxonomic Profiling 
and Deep Learning. iScience. 2020; 23:101199. 

 https://doi.org/10.1016/j.isci.2020.101199 
PMID:32534441 

11. Mamoshina P, Kochetov K, Putin E, Cortese F, Aliper A, 
Lee WS, Ahn SM, Uhn L, Skjodt N, Kovalchuk O, 
Scheibye-Knudsen M, Zhavoronkov A. Population 
Specific Biomarkers of Human Aging: A Big Data Study 
Using South Korean, Canadian, and Eastern European 
Patient Populations. J Gerontol A Biol Sci Med Sci. 
2018; 73:1482–90. 

 https://doi.org/10.1093/gerona/gly005 
PMID:29340580 

12. Zhavoronkov A, Mamoshina P. Deep Aging Clocks: The 
Emergence of AI-Based Biomarkers of Aging and 
Longevity. Trends Pharmacol Sci. 2019; 40:546–9. 

 https://doi.org/10.1016/j.tips.2019.05.004 
PMID:31279569 

13. Pun FW, Liu BHM, Long X, Leung HW, Leung GHD, 
Mewborne QT, Gao J, Shneyderman A, Ozerov IV, 
Wang J, Ren F, Aliper A, Bischof E, et al. Identification 
of Therapeutic Targets for Amyotrophic Lateral 
Sclerosis Using PandaOmics - An AI-Enabled Biological 
Target Discovery Platform. Front Aging Neurosci. 2022; 
14:914017. 

 https://doi.org/10.3389/fnagi.2022.914017 
PMID:35837482 

14. Zhavoronkov A, Li R, Ma C, Mamoshina P. Deep 
biomarkers of aging and longevity: from research to 
applications. Aging (Albany NY). 2019; 11:10771–80. 

 https://doi.org/10.18632/aging.102475 
PMID:31767810 

15. Galkin F, Mamoshina P, Aliper A, de Magalhães JP, 
Gladyshev VN, Zhavoronkov A. Biohorology and 
biomarkers of aging: Current state-of-the-art, 
challenges and opportunities. Ageing Res Rev. 2020; 
60:101050. 

 https://doi.org/10.1016/j.arr.2020.101050 
PMID:32272169 

16. Sallam M. ChatGPT Utility in Healthcare Education, 
Research, and Practice: Systematic Review on the 
Promising Perspectives and Valid Concerns. Healthcare 
(Basel). 2023; 11:887. 

 https://doi.org/10.3390/healthcare11060887 
PMID:36981544 

17. Juhi A, Pipil N, Santra S, Mondal S, Behera JK, Mondal 
H. The Capability of ChatGPT in Predicting and 

https://doi.org/10.1038/s41392-022-01251-0
https://pubmed.ncbi.nlm.nih.gov/36522308
https://doi.org/10.1155/2017/7941563
https://pubmed.ncbi.nlm.nih.gov/28874954
https://doi.org/10.1016/j.cell.2013.05.039
https://pubmed.ncbi.nlm.nih.gov/23746838
https://doi.org/10.1007/s11427-022-2161-3
https://pubmed.ncbi.nlm.nih.gov/36066811
https://doi.org/10.1038/s43587-020-00020-4
https://pubmed.ncbi.nlm.nih.gov/37118000
https://doi.org/10.1021/acs.molpharmaceut.8b00930
https://pubmed.ncbi.nlm.nih.gov/30269508
https://doi.org/10.1038/s41587-019-0224-x
https://pubmed.ncbi.nlm.nih.gov/31477924
https://doi.org/10.1021/acs.molpharmaceut.7b00346
https://pubmed.ncbi.nlm.nih.gov/28703000
https://doi.org/10.3389/fragi.2023.1057204
https://pubmed.ncbi.nlm.nih.gov/36936271
https://doi.org/10.1016/j.isci.2020.101199
https://pubmed.ncbi.nlm.nih.gov/32534441
https://doi.org/10.1093/gerona/gly005
https://pubmed.ncbi.nlm.nih.gov/29340580
https://doi.org/10.1016/j.tips.2019.05.004
https://pubmed.ncbi.nlm.nih.gov/31279569
https://doi.org/10.3389/fnagi.2022.914017
https://pubmed.ncbi.nlm.nih.gov/35837482
https://doi.org/10.18632/aging.102475
https://pubmed.ncbi.nlm.nih.gov/31767810
https://doi.org/10.1016/j.arr.2020.101050
https://pubmed.ncbi.nlm.nih.gov/32272169
https://doi.org/10.3390/healthcare11060887
https://pubmed.ncbi.nlm.nih.gov/36981544


www.aging-us.com 9306 AGING 

Explaining Common Drug-Drug Interactions. Cureus. 
2023; 15:e36272. 

 https://doi.org/10.7759/cureus.36272 PMID:37073184 

18. Raffel C, Shazeer N, Roberts A, Lee K, Narang S, Matena 
M, Zhou Y, Li W, Liu PJ. Exploring the Limits of Transfer 
Learning with a Unified Text-to-Text Transformer. 
2019. 

 https://doi.org/10.48550/arXiv.1910.10683 

19. Wang B, Xie Q, Pei J, Chen Z, Tiwari P, Li Z, Fu J. Pre-
trained Language Models in Biomedical Domain: A 
Systematic Survey. 2021; 1:57. 

20. Vaswani A, Shazeer N, Parmar N, Uszkoreit J, Jones L, 
Gomez AN, Kaiser L, Polosukhin I. Attention Is All You 
Need. 2017. 

21. Luo R, Sun L, Xia Y, Qin T, Zhang S, Poon H, Liu TY. 
BioGPT: generative pre-trained transformer for 
biomedical text generation and mining. Brief Bioinform. 
2022; 23:bbac409. 

 https://doi.org/10.1093/bib/bbac409 PMID:36156661 

22. Grootendorst M. BERTopic: Neural topic modeling with 
a class-based TF-IDF procedure. 2022. 

 https://doi.org/10.48550/arXiv.2203.05794 

23. Jin Q, Dhingra B, Liu Z, Cohen W, Lu X. PubMedQA: A 
Dataset for Biomedical Research Question Answering. 
2019; 2567–77. 

 https://doi.org/10.18653/v1/D19-1259 

24. Tacutu R, Thornton D, Johnson E, Budovsky A, Barardo 
D, Craig T, Diana E, Lehmann G, Toren D, Wang J, 
Fraifeld VE, de Magalhães JP. Human Ageing Genomic 
Resources: new and updated databases. Nucleic Acids 
Res. 2018; 46:D1083–90. 

 https://doi.org/10.1093/nar/gkx1042 PMID:29121237 

25. Waziry R, Ryan CP, Corcoran DL, Huffman KM, Kobor 
MS, Kothari M, Graf GH, Kraus VB, Kraus WE, Lin DT, 
Pieper CF, Ramaker ME, Bhapkar M, et al. Effect of 
long-term caloric restriction on DNA methylation 
measures of biological aging in healthy adults from the 
CALERIE trial. Nat Aging. 2023; 3:248–57. 

 https://doi.org/10.1038/s43587-022-00357-y 
PMID:37118425 

26. Andréasson C, Ott M, Büttner S. Mitochondria 
orchestrate proteostatic and metabolic stress 
responses. EMBO Rep. 2019; 20:e47865. 

 https://doi.org/10.15252/embr.201947865 
PMID:31531937 

27. Zou J, Lei T, Guo P, Yu J, Xu Q, Luo Y, Ke R, Huang D. 
Mechanisms shaping the role of ERK1/2 in cellular 
senescence (Review). Mol Med Rep. 2019; 19:759–70. 

 https://doi.org/10.3892/mmr.2018.9712 
PMID:30535440 

28. Pun FW, Leung GHD, Leung HW, Liu BHM, Long X, 
Ozerov IV, Wang J, Ren F, Aliper A, Izumchenko E, 

Moskalev A, de Magalhães JP, Zhavoronkov A. 
Hallmarks of aging-based dual-purpose disease and 
age-associated targets predicted using PandaOmics AI-
powered discovery engine. Aging (Albany NY). 2022; 
14:2475–506. 

 https://doi.org/10.18632/aging.203960 
PMID:35347083 

29. Gossage L, Eisen T, Maher ER. VHL, the story of a 
tumour suppressor gene. Nat Rev Cancer. 2015; 
15:55–64. 

 https://doi.org/10.1038/nrc3844 PMID:25533676 

30. Wu M, Wang S, Hu L, Liang Y, Zhong Y, Jiang M, Ye X. 
Polyclonal antibody preparation against candidate 
tumour suppressor protein MIP for detection of its 
expression and localization in hepatocellular carcinoma. 
Biotechnology and Biotechnological Equipment. 2017; 
31:1237–42. 

 https://doi.org/10.1080/13102818.2017.1371641 

31. Chen L, Liu S, Tao Y. Regulating tumor suppressor 
genes: post-translational modifications. Signal 
Transduct Target Ther. 2020; 5:90. 

 https://doi.org/10.1038/s41392-020-0196-9 
PMID:32532965 

32. Kandhaya-Pillai R, Yang X, Tchkonia T, Martin GM, 
Kirkland JL, Oshima J. TNF-α/IFN-γ synergy amplifies 
senescence-associated inflammation and SARS-CoV-2 
receptor expression via hyper-activated JAK/STAT1. 
Aging Cell. 2022; 21:e13646. 

 https://doi.org/10.1111/acel.13646 PMID:35645319 

33. Liberale L, Bonetti NR, Puspitasari YM, Vukolic A, 
Akhmedov A, Diaz-Cañestro C, Keller S, Montecucco F, 
Merlini M, Semerano A, Giacalone G, Bacigaluppi M, 
Sessa M, et al. TNF-α antagonism rescues the effect of 
ageing on stroke: Perspectives for targeting inflamm-
ageing. Eur J Clin Invest. 2021; 51:e13600. 

 https://doi.org/10.1111/eci.13600  
PMID:34076259 

34. Robbins PD, Jurk D, Khosla S, Kirkland JL, LeBrasseur 
NK, Miller JD, Passos JF, Pignolo RJ, Tchkonia T, 
Niedernhofer LJ. Senolytic Drugs: Reducing Senescent 
Cell Viability to Extend Health Span. Annu Rev 
Pharmacol Toxicol. 2021; 61:779–803. 

 https://doi.org/10.1146/annurev-pharmtox-050120-
105018 PMID:32997601 

35. Bergman E, Kullberg S, Ming Y, Ulfhake B. Upregulation 
of GFRalpha-1 and c-ret in primary sensory neurons 
and spinal motoneurons of aged rats. J Neurosci Res. 
1999; 57:153–65. 

 https://doi.org/10.1002/(SICI)1097-4547(19990715) 
57:2<153::AID-JNR1>3.0.CO;2-A PMID:10398293 

36. Takahashi M. The GDNF/RET signaling pathway and 
human diseases. Cytokine Growth Factor Rev. 2001; 
12:361–73. 

https://doi.org/10.7759/cureus.36272
https://pubmed.ncbi.nlm.nih.gov/37073184
https://doi.org/10.48550/arXiv.1910.10683
https://doi.org/10.1093/bib/bbac409
https://pubmed.ncbi.nlm.nih.gov/36156661
https://doi.org/10.48550/arXiv.2203.05794
https://doi.org/10.18653/v1/D19-1259
https://doi.org/10.1093/nar/gkx1042
https://pubmed.ncbi.nlm.nih.gov/29121237
https://doi.org/10.1038/s43587-022-00357-y
https://pubmed.ncbi.nlm.nih.gov/37118425
https://doi.org/10.15252/embr.201947865
https://pubmed.ncbi.nlm.nih.gov/31531937
https://doi.org/10.3892/mmr.2018.9712
https://pubmed.ncbi.nlm.nih.gov/30535440
https://doi.org/10.18632/aging.203960
https://pubmed.ncbi.nlm.nih.gov/35347083
https://doi.org/10.1038/nrc3844
https://pubmed.ncbi.nlm.nih.gov/25533676
https://doi.org/10.1080/13102818.2017.1371641
https://doi.org/10.1038/s41392-020-0196-9
https://pubmed.ncbi.nlm.nih.gov/32532965
https://doi.org/10.1111/acel.13646
https://pubmed.ncbi.nlm.nih.gov/35645319
https://doi.org/10.1111/eci.13600
https://pubmed.ncbi.nlm.nih.gov/34076259
https://doi.org/10.1146/annurev-pharmtox-050120-105018
https://doi.org/10.1146/annurev-pharmtox-050120-105018
https://pubmed.ncbi.nlm.nih.gov/32997601
https://doi.org/10.1002/(SICI)1097-4547(19990715)57:2%3c153::AID-JNR1%3e3.0.CO;2-A
https://doi.org/10.1002/(SICI)1097-4547(19990715)57:2%3c153::AID-JNR1%3e3.0.CO;2-A
https://pubmed.ncbi.nlm.nih.gov/10398293


www.aging-us.com 9307 AGING 

 https://doi.org/10.1016/s1359-6101(01)00012-0 
PMID:11544105 

37. Salvatore D, Santoro M, Schlumberger M. The 
importance of the RET gene in thyroid cancer and 
therapeutic implications. Nat Rev Endocrinol. 2021; 
17:296–306. 

 https://doi.org/10.1038/s41574-021-00470-9 
PMID:33603219 

38. Combadiere C, Ahuja SK, Tiffany HL, Murphy PM. 
Cloning and functional expression of CC CKR5, a human 
monocyte CC chemokine receptor selective for MIP-
1(alpha), MIP-1(beta), and RANTES. J Leukoc Biol. 
1996; 60:147–52. 

 https://doi.org/10.1002/jlb.60.1.147 PMID:8699119 

39. Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg 
MH, Borisy G, Parsons JT, Horwitz AR. Cell migration: 
integrating signals from front to back. Science. 2003; 
302:1704–9. 

 https://doi.org/10.1126/science.1092053 
PMID:14657486 

40. Uhlen M, Oksvold P, Fagerberg L, Lundberg E, Jonasson 
K, Forsberg M, Zwahlen M, Kampf C, Wester K, Hober 
S, Wernerus H, Björling L, Ponten F. Towards a 
knowledge-based Human Protein Atlas. Nat 
Biotechnol. 2010; 28:1248–50. 

 https://doi.org/10.1038/nbt1210-1248 
PMID:21139605 

41. Tanaka Y, Adams DH, Hubscher S, Hirano H, Siebenlist 
U, Shaw S. T-cell adhesion induced by proteoglycan-
immobilized cytokine MIP-1 beta. Nature. 1993; 
361:79–82. 

 https://doi.org/10.1038/361079a0 PMID:7678446 

42. Feng L, Xia Y, Yoshimura T, Wilson CB. Modulation of 
neutrophil influx in glomerulonephritis in the rat with 
anti-macrophage inflammatory protein-2 (MIP-2) 
antibody. J Clin Invest. 1995; 95:1009–17. 

 https://doi.org/10.1172/JCI117745 PMID:7883948 

43. Aldinucci D, Colombatti A. The inflammatory 
chemokine CCL5 and cancer progression. Mediators 
Inflamm. 2014; 2014:292376. 

 https://doi.org/10.1155/2014/292376  
PMID:24523569 

44. Jiao X, Nawab O, Patel T, Kossenkov AV, Halama N, 
Jaeger D, Pestell RG. Recent Advances Targeting CCR5 
for Cancer and Its Role in Immuno-Oncology. Cancer 
Res. 2019; 79:4801–7. 

 https://doi.org/10.1158/0008-5472.CAN-19-1167 
PMID:31292161 

45. Ye X, Liu S, Hu M, Song Y, Huang H, Zhong Y. CCR5 
expression in inflammatory bowel disease and its 
correlation with inflammatory cells and β-arrestin2 
expression. Scand J Gastroenterol. 2017; 52:551–7. 

 https://doi.org/10.1080/00365521.2017.1281435 
PMID:28140695 

46. Toson B, Dos Santos EJ, Adelino JE, Sandrin-Garcia P, 
Crovella S, Louzada-Júnior P, Oliveira RD, Pedroza LS, 
de Fátima Lobato Cunha Sauma M, de Lima CP, 
Barbosa FB, Brenol CV, Xavier RM, et al. CCR5Δ32 and 
the genetic susceptibility to rheumatoid arthritis in 
admixed populations: a multicentre study. 
Rheumatology (Oxford). 2017; 56:495–7. 

 https://doi.org/10.1093/rheumatology/kew398 
PMID:28082621 

47. Jiao X, Wang M, Zhang Z, Li Z, Ni D, Ashton AW, Tang 
HY, Speicher DW, Pestell RG. Leronlimab, a humanized 
monoclonal antibody to CCR5, blocks breast cancer 
cellular metastasis and enhances cell death induced by 
DNA damaging chemotherapy. Breast Cancer Res. 
2021; 23:11. 

 https://doi.org/10.1186/s13058-021-01391-1 
PMID:33485378 

48. Mohamed H, Gurrola T, Berman R, Collins M, Sariyer 
IK, Nonnemacher MR, Wigdahl B. Targeting CCR5 as a 
Component of an HIV-1 Therapeutic Strategy. Front 
Immunol. 2022; 12:816515. 

 https://doi.org/10.3389/fimmu.2021.816515 
PMID:35126374 

49. Martin-Blondel G, Brassat D, Bauer J, Lassmann H, 
Liblau RS. CCR5 blockade for neuroinflammatory 
diseases--beyond control of HIV. Nat Rev Neurol. 2016; 
12:95–105. 

 https://doi.org/10.1038/nrneurol.2015.248 
PMID:26782333 

50. Li T, Zhu J. Entanglement of CCR5 and Alzheimer’s 
Disease. Front Aging Neurosci. 2019; 11:209. 

 https://doi.org/10.3389/fnagi.2019.00209 
PMID:31447666 

51. Tacke F. Cenicriviroc for the treatment of non-alcoholic 
steatohepatitis and liver fibrosis. Expert Opin Investig 
Drugs. 2018; 27:301–11. 

 https://doi.org/10.1080/13543784.2018.1442436 
PMID:29448843 

52. Yu D, Cai SY, Mennone A, Vig P, Boyer JL. Cenicriviroc, a 
cytokine receptor antagonist, potentiates all-trans 
retinoic acid in reducing liver injury in cholestatic 
rodents. Liver Int. 2018; 38:1128–38. 

 https://doi.org/10.1111/liv.13698 PMID:29356312 

53. Goltzman D. Physiology of Parathyroid Hormone. 
Endocrinol Metab Clin North Am. 2018; 47:743–58. 

 https://doi.org/10.1016/j.ecl.2018.07.003 
PMID:30390810 

54. Khan M, Jose A, Sharma S. Physiology, Parathyroid 
Hormone. in: StatPearls, StatPearls Publishing, 
Treasure Island (FL). 2023. 

https://doi.org/10.1016/s1359-6101(01)00012-0
https://pubmed.ncbi.nlm.nih.gov/11544105
https://doi.org/10.1038/s41574-021-00470-9
https://pubmed.ncbi.nlm.nih.gov/33603219
https://doi.org/10.1002/jlb.60.1.147
https://pubmed.ncbi.nlm.nih.gov/8699119
https://doi.org/10.1126/science.1092053
https://pubmed.ncbi.nlm.nih.gov/14657486
https://doi.org/10.1038/nbt1210-1248
https://pubmed.ncbi.nlm.nih.gov/21139605
https://doi.org/10.1038/361079a0
https://pubmed.ncbi.nlm.nih.gov/7678446
https://doi.org/10.1172/JCI117745
https://pubmed.ncbi.nlm.nih.gov/7883948
https://doi.org/10.1155/2014/292376
https://pubmed.ncbi.nlm.nih.gov/24523569
https://doi.org/10.1158/0008-5472.CAN-19-1167
https://pubmed.ncbi.nlm.nih.gov/31292161
https://doi.org/10.1080/00365521.2017.1281435
https://pubmed.ncbi.nlm.nih.gov/28140695
https://doi.org/10.1093/rheumatology/kew398
https://pubmed.ncbi.nlm.nih.gov/28082621
https://doi.org/10.1186/s13058-021-01391-1
https://pubmed.ncbi.nlm.nih.gov/33485378
https://doi.org/10.3389/fimmu.2021.816515
https://pubmed.ncbi.nlm.nih.gov/35126374
https://doi.org/10.1038/nrneurol.2015.248
https://pubmed.ncbi.nlm.nih.gov/26782333
https://doi.org/10.3389/fnagi.2019.00209
https://pubmed.ncbi.nlm.nih.gov/31447666
https://doi.org/10.1080/13543784.2018.1442436
https://pubmed.ncbi.nlm.nih.gov/29448843
https://doi.org/10.1111/liv.13698
https://pubmed.ncbi.nlm.nih.gov/29356312
https://doi.org/10.1016/j.ecl.2018.07.003
https://pubmed.ncbi.nlm.nih.gov/30390810


www.aging-us.com 9308 AGING 

55. Need AG, O’Loughlin PD, Morris HA, Horowitz M, 
Nordin BEC. The effects of age and other variables on 
serum parathyroid hormone in postmenopausal 
women attending an osteoporosis center. J Clin 
Endocrinol Metab. 2004; 89:1646–9. 

 https://doi.org/10.1210/jc.2003-031539 
PMID:15070925 

56. Tajar A, Lee DM, Pye SR, O’Connell MDL, Ravindrarajah 
R, Gielen E, Boonen S, Vanderschueren D, Pendleton N, 
Finn JD, Bartfai G, Casanueva FF, Forti G, et al. The 
association of frailty with serum 25-hydroxyvitamin D 
and parathyroid hormone levels in older European 
men. Age Ageing. 2013; 42:352–9. 

 https://doi.org/10.1093/ageing/afs162 
PMID:23111338 

57. Arabi A, Baddoura R, El-Rassi R, El-Hajj Fuleihan G. PTH 
level but not 25 (OH) vitamin D level predicts bone loss 
rates in the elderly. Osteoporos Int. 2012; 23:971–80. 

 https://doi.org/10.1007/s00198-011-1659-1 
PMID:21656018 

58. Visser M, Deeg DJH, Lips P, and Longitudinal Aging 
Study Amsterdam. Low vitamin D and high parathyroid 
hormone levels as determinants of loss of muscle 
strength and muscle mass (sarcopenia): the 
Longitudinal Aging Study Amsterdam. J Clin Endocrinol 
Metab. 2003; 88:5766–72. 

 https://doi.org/10.1210/jc.2003-030604 
PMID:14671166 

59. Baczynski R, Massry SG, Magott M, el-Belbessi S, Kohan 
R, Brautbar N. Effect of parathyroid hormone on 
energy metabolism of skeletal muscle. Kidney Int. 
1985; 28:722–7. 

 https://doi.org/10.1038/ki.1985.190 PMID:2935672 

60. Fan L, Li L, Ma Z, Lee S, Yu H, Hemphill L. A Bibliometric 
Review of Large Language Models Research from 2017 
to 2023. 2023. 

61. White J. PubMed 2.0. Med Ref Serv Q. 2020. 
 https://doi.org/10.1080/02763869.2020.1826228 

PMID:33085945 

62. Vilone G, Longo L. Explainable Artificial Intelligence: a 
Systematic Review 2020. 

 https://doi.org/10.48550/arXiv.2006.00093 

63. Povey S, Lovering R, Bruford E, Wright M, Lush M, 
Wain H. The HUGO Gene Nomenclature Committee 
(HGNC). Hum Genet. 2001; 109:678–80. 

 https://doi.org/10.1007/s00439-001-0615-0 
PMID:11810281 

64. Cock PJA, Antao T, Chang JT, Chapman BA, Cox CJ, 
Dalke A, Friedberg I, Hamelryck T, Kauff F, Wilczynski B, 
de Hoon MJ. Biopython: freely available Python tools 
for computational molecular biology and 
bioinformatics. Bioinformatics. 2009; 25:1422–3. 

 https://doi.org/10.1093/bioinformatics/btp163 
PMID:19304878 

65. Barardo D, Thornton D, Thoppil H, Walsh M, Sharifi S, 
Ferreira S, Anžič A, Fernandes M, Monteiro P, Grum T, 
Cordeiro R, De-Souza EA, Budovsky A, et al. The 
DrugAge database of aging-related drugs. Aging Cell. 
2017; 16:594–7. 

 https://doi.org/10.1111/acel.12585 PMID:28299908 

66. Moskalev A, Chernyagina E, de Magalhães JP, Barardo 
D, Thoppil H, Shaposhnikov M, Budovsky A, Fraifeld VE, 
Garazha A, Tsvetkov V, Bronovitsky E, Bogomolov V, 
Scerbacov A, et al. Geroprotectors.org: a new, 
structured and curated database of current 
therapeutic interventions in aging and age-related 
disease. Aging (Albany NY). 2015; 7:616–28. 

 https://doi.org/10.18632/aging.100799 
PMID:26342919 

67. Reimers N, Gurevych I. Sentence-BERT: Sentence 
Embeddings using Siamese BERT-Networks. 2019. 

 https://doi.org/10.48550/arXiv.1908.10084 

68. Bird S, Klein E, Loper E. Natural language processing 
with Python. O’Reilly, Beijing. Cambridge Mass. 2009. 

69. Radford A, Wu J, Child R, Luan D, Amodei D, Sutskever 
I. Language Models are Unsupervised Multitask 
Learners n.d. 

70. Kingma DP, Ba J. Adam: A Method for Stochastic 
Optimization. 2014. 

 https://doi.org/10.48550/arXiv.1412.6980 

71. Chen KM, Cofer EM, Zhou J, Troyanskaya OG. Selene: a 
PyTorch-based deep learning library for sequence data. 
Nat Methods. 2019; 16:315–8. 

 https://doi.org/10.1038/s41592-019-0360-8 
PMID:30923381 

72. Hagberg AA, Schult DA, Swart PJ. Exploring network 
structure, dynamics, and function using NetworkX.  in: 
Varoquaux G, Vaught T, Millman J (Eds.), Proc. 7th 
Python Sci. Conf., Pasadena, CA USA 2008, pp. 11–5. 

  

https://doi.org/10.1210/jc.2003-031539
https://pubmed.ncbi.nlm.nih.gov/15070925
https://doi.org/10.1093/ageing/afs162
https://pubmed.ncbi.nlm.nih.gov/23111338
https://doi.org/10.1210/jc.2003-030604
https://pubmed.ncbi.nlm.nih.gov/21656018/
https://doi.org/10.1210/jc.2003-030604
https://pubmed.ncbi.nlm.nih.gov/14671166
https://doi.org/10.1038/ki.1985.190
https://pubmed.ncbi.nlm.nih.gov/2935672
https://doi.org/10.1080/02763869.2020.1826228
https://pubmed.ncbi.nlm.nih.gov/33085945
https://doi.org/10.48550/arXiv.2006.00093
https://doi.org/10.1007/s00439-001-0615-0
https://pubmed.ncbi.nlm.nih.gov/11810281
https://doi.org/10.1093/bioinformatics/btp163
https://pubmed.ncbi.nlm.nih.gov/19304878
https://doi.org/10.1111/acel.12585
https://pubmed.ncbi.nlm.nih.gov/28299908
https://doi.org/10.18632/aging.100799
https://pubmed.ncbi.nlm.nih.gov/26342919
https://doi.org/10.48550/arXiv.1908.10084
https://doi.org/10.48550/arXiv.1412.6980
https://doi.org/10.1038/s41592-019-0360-8
https://pubmed.ncbi.nlm.nih.gov/30923381


www.aging-us.com 9309 AGING 

SUPPLEMENTARY MATERIALS 

 

 

 

Supplementary Tables 
 

Please browse Full Text version to see the data of Supplementary Tables 1–3. 

 

Supplementary Table 1. Top 200 aging-related genes identified by the established BioGPT-G-based approach. 

 

Supplementary Table 2. Significantly enriched pathways based on gene set enrichment analysis of top 50 aging-
related genes. 

 

Supplementary Table 3. Top 200 genes associated with each of 14 age-associated diseases, identified by 
BioGPT-G-based approach. 

 


