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REVIEW ARTICLE

Inhibiting oxidative stress and inflammation in 
acute lung injury using hydrogen: A preclinical 
systematic review and meta-analysis

Guoshen Zhong1†, Yanhua Shi1, Lingyu Kong2†, Kaixuan Lv3, Lichun Zhang1,  
Mei Yang1, Na Tian4*, and Nana Yang1*
1School of Life Science and Technology, Weifang Medical University, Weifang, 261053, China
2Physical Education and Sports School, Soochow University, Suzhou, 215021, China
3State Key Laboratory of Primate Biomedical Research, Institute of Primate Translational Medicine, 
Kunming University of Science and Technology, Kunming, 650032, China
4School of Public Health, Weifang Medical University, Weifang, 261053, China

Global Translational Medicine

Abstract
Acute lung injury (ALI) results from excessive inflammation and disruption of the 
alveolar-capillary barrier, leading to acute respiratory distress syndrome. Hydrogen, 
known as a reducing substance, has been commonly used in preclinical trials of ALI. 
The present paper aims to summarize the effects of hydrogen on animal models of 
ALI and the possible antioxidant and anti-inflammation mechanisms of hydrogen. 
We conducted a thorough search of the relevant literature on PubMed, EMBASE, 
Web of Science, and CNKI. Data retrieved from 20 studies were analyzed to assess 
the beneficial effects of hydrogen therapy on ALI animal models. To evaluate the 
effects of hydrogen, commonly assessed outcome indicators include wet-to-dry ratio 
(W/D), arterial oxygen partial pressure (PaO2), malondialdehyde (MDA), superoxide 
dismutase (SOD), and tumor necrosis factor-alpha (TNF-α). The results demonstrate 
that hydrogen reduces pulmonary edema (W/D: 95% CI = −0.98 – −0.85, P < 0.001), 
mitigates hypoxia (PaO2: 95% CI = 6.08 – 22.30, P < 0.001), represses lipid peroxidation 
(MDA: 95% CI = −2.12 – −1.06, P < 0.001), scavenges free radicals (SOD: 95% 
CI = 10.12 – 30.07, P < 0.001), and inhibits inflammatory response (TNF-α: 95% 
CI = −5.52 – −1.72, P < 0.001). The subgroup analysis showed significant differences 
between interventions (MDA: P < 0.05; TNF-α: P < 0.05; SOD: P < 0.001). The meta-
regression suggests that species may cause heterogeneity (P < 0.05). These results 
suggest the potential of using hydrogen in clinical trials. Different interventions with 
hydrogen can affect metabolic transport and distribution in vivo. Further studies 
should be conducted to validate and confirm these findings.

Keywords: Pharmacology; Inflammation; Acute lung injury; Preclinical study; Meta-analysis

1. Introduction
Acute lung injury (ALI) is an acute pneumonia disease caused by various factors[1]. 
Impairment of epithelial and endothelial barrier is a pathology hallmark of ALI, and it 
can progress into acute respiratory distress syndrome, resulting in diffuse pulmonary 
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interstitial and alveolar edema, with a mortality rate 
of 30 – 40%[1,2]. Injured lung tissues experience the 
destruction of the alveolar epithelial and endothelial 
barriers, causing the deactivation of the alveolar surfactant 
layer and an increase in lung interstitium permeability[3]. 
This allows the transfer of tissue fluid and hemoglobin 
into the pulmonary interstitium and alveoli, resulting 
in a reduction of lung compliance and obstruction of 
gas exchange[4]. In addition, various factors that cause 
injuries, such as bacterial toxins and mechanical stress, 
can induce inflammation, impairing the epithelium and 
endothelium, promoting the migration of neutrophils, 
and releasing inflammatory factors[2,4,5]. At present, a wide 
range of treatment strategies has been developed to address 
ALI, including glucocorticoid therapy, extracorporeal 
membrane oxygenation (ECMO), and various supportive 
interventions and drug therapies[6,7]. These interventions 
prevent further deterioration of ALI and play a therapeutic 
role. However, due to the heterogeneity of ALI, definitive 
conclusions regarding the clinical application and 
mechanism of these therapies are still lacking[6-8].

As a small molecule, hydrogen has a simple structure, 
low molecular weight, and easy diffusion characteristics, 
which enable it to easily access lung tissues[9]. Recent 
studies have highlighted its potential as a therapeutic 
measure for ALI, attributed to its anti-inflammatory and 
antioxidant effects[10,11]. So far, hydrogen therapy for ALI 
includes two methods: inhalation of hydrogen gas and 
injection of hydrogen saline[11]. Inhaling hydrogen gas has 
been shown to improve respiratory function and repair 
the lung barrier in C57BL/6 mice[12]. Similarly, injecting 
hydrogen saline has been found to exert protective 
effects on the alveolar epithelium and prevent surfactant 
deactivation in Sprague-Dawley (SD) rats by inhibiting 
excessive autophagy[13]. Moreover, hydrogen has been 
shown to inhibit the release of adhesion molecules and 
inflammatory factors, thereby reducing endothelial 
damage, excessive endothelial permeability, and restoring 
lung tension to facilitate improved gas exchange after 
neutrophil migration following alveolar damage[14]. 
Despite the promising results, hydrogen therapy is still 
in the preclinical trial stage, and a comparative study of 
the therapeutic effects between the two methods has not 
been conducted. Exploring the differences in intervention 
measures can provide valuable insights into their impact 
on the treatment of ALI.

The purpose of this systematic review and meta-
analysis is to provide a comprehensive summary of the key 
findings on the effectiveness and mechanisms of hydrogen 
therapy in animal models of ALI, particularly focusing 
on the relationship between ALI and hydrogen under 
oxidative stress and inflammation. The review also aims 

to investigate the differences in treatment between 2% H2 
and hydrogen saline, aiming to guide future ALI clinical 
trials and clinical practice. We hypothesize that hydrogen 
therapy may play a role in repairing the alveolar barrier, 
eliminating excessive oxygen free radicals, and reducing 
the release of anti-inflammatory factors in ALI.

2. Materials and methods

2.1. Protocol registration

The Preferred Reporting Items for Systematic Reviews 
and Meta-analysis (PRISMA) 2020 reporting guidelines 
were used for this preclinical systematic review and 
meta-analysis[15]. We have preregistered a protocol on the 
International Prospective Register of Systematic Reviews 
(PROSPERO) website. (https://www.crd.york.ac.uk/
PROSPERO/, Registration number: CRD42021247370).

In response to the question, “Whether treatment effects 
between 2% H2 and hydrogen saline differ significantly 
in animal models of ALI?” we employed the sub-group 
analysis method to analyze the five relevant indicators 
within the groups of 2% H2 and hydrogen saline.

To address the regional and national database 
limitations, the present paper used Fisher’s exact test 
to analyze the association between the language of the 
included studies (Chinese and English) and their respective 
results.

2.2. Search strategy and study selection

We conducted a comprehensive search for preclinical trials 
investigating the effect of hydrogen on ALI in various 
electric databases, including PubMed, EMBASE, CNKI, 
and Web of Science. The search encompassed studies 
published through March 28, 2021. We used the PubMed 
search strategy to ensure that all relevant studies were 
included. Furthermore, the reference lists of the selected 
papers were manually screened to identify any additional 
eligible studies.

2.2.1. Inclusion criteria

The inclusion criteria are as follows:

(i)	 Types: Studies involved animals with induced ALI.
(ii)	 Intervention: 2% H2 inhalation or injection of 

hydrogen saline, and unlimited treatment times.
(iii)	Control: Group(s) given placebo or no treatment.
(iv)	 Outcomes:

(a)	 Primary outcomes: W/D ratio and arterial oxygen 
partial pressure (PaO2).

(b)	 Secondary outcomes: Malondialdehyde (MDA), 
superoxide dismutase (SOD), and tumor necrosis 
factor-alpha (TNF-α).

https://doi.org/10.36922/gtm.0379
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(v)	 Other:
(a)	 Experimental studies.
(b)	 Published between 2010 and 2021,
(c)	 Published in any publication language,
(d)	 The cited literature sources should be retrievable.

2.2.2. Exclusion criteria

The exclusion criteria are as follows:

(i)	 Types:
(a)	 Studies of non-animal experiments about ALI,
(b)	 Publications that did not comply with or 

adequately describe standard laboratory animal 
rules.

(ii)	 Intervention: Did not use 2% H2 or hydrogen saline 
but used other therapy to treat ALI animals.

(iii)	Control: Group(s) given placebo or no treatment.
(iv)	 Other:

(a)	 The same author published the same articles at 
different times,

(b)	 Unclear literature sources,
(c)	 Data are only displayed in figures and unable to 

contact the author to obtain original data.

After defining our strategy, each study was randomly 
given to two independent authors (LYK and MY) and was 
selected by studies of title and abstract. Disagreements 
between the two reviewers were solved by discussing with 
the third author (GSZ).

2.3. Study selection and data extraction

The information of the included studies, including 
authors, year of publication, species of animal subjects, 
and language, were recorded and considered in the study 
selection based on the inclusion and exclusion criteria. 
In addition, we extracted data, including the number of 
animals in the experimental and control groups, types of 
ALI animal models, interventions, and outcomes. Data 
extraction followed predefined rules, with one author 
(LYK) responsible for study data collection. In case of 
uncertainty, the chief author (GSZ) was consulted, and the 
final decision was reached collaboratively by all reviewers.

2.4. Assessment of Methodological Quality

In the present paper, we evaluated the research quality of 
included studies using the CAMARADES checklist, which 
covered 10 items related to a series of animal experiment 
designs[16]. Due to differences in the research, three 
evaluation indicators were modified as follows:
(i)	 Item no. 4: Blinded induction of model,
(ii)	 Item no. 6: Use of anesthetic agents without significant 

intrinsic neuroprotective activity,
(iii)	Item no. 7: Approval of animal ethics for creating the 

ALI model.

Two evaluators (LYK and MY) independently extracted 
the data and evaluated the quality scores of each study. Any 
disagreements were resolved by the chief reviewer (GSZ).

2.5. Data synthesis and statistics analysis

The meta-analysis was performed using Stata software 
(version  14.0) and GraphPad Prism (version  9.4). The 
outcomes of W/D and PaO2 were evaluated using the 
weighted mean difference (WMD) model to assess the 
improvement in lung function. For MDA and SOD, 
the same model was used to evaluate the antioxidant 
effect of hydrogen, while TNF-α was assessed using the 
standardized mean difference (SMD) model to analyze 
hydrogen’s anti-inflammatory effects. In cases where 
studies reported standard error (SE) instead of standard 
difference (SD), Equation I was used to convert the values:

SD = SE × √N� (I)

2.6. Statistical heterogeneity test and exploration

Study heterogeneity was assessed using the Q statistic and 
I² statistic[17]. Significant heterogeneity was considered 
present if the I² value exceeded 50% or if the P-value 
was less than the predefined significance level (α = 0.05). 
Conversely, non-significant heterogeneity was indicated 
when the I² value was 50% or below, and P ≥ α = 0.05. 
Considering the possible high heterogeneity due to the 
differences between interventions, we used subgroup 
analysis to explore the heterogeneity[18]. Moreover, the 
diversity of species may affect the heterogeneity of the 
meta-analysis results. Therefore, meta-regression was 
used to explore the heterogeneity attributable to species. 
Meta-regression required a minimum of ten studies to 
examine one characteristic[19]. Consequently, the present 
paper included studies using W/D and species as the 
covariate to explore the sources of heterogeneity (n = 12 
> 10). Publication bias was assessed using Egger’s test, 
and the stability of the results from the included studies 
was analyzed through the trim and fill funnel plot and 
sensitivity analysis[18].

2.7. Grade evidence assessment

We followed the PRISMA checklists and used the GRADE 
profiler (version  3.6) to evaluate the grade evidence of 
included indicators. All the included studies were animal 
experiments, and their grades were downgraded by 5 impact 
factors. The grade evidence for these included indicators 
was divided into 4 levels: (i) High quality, indicating high 
confidence in results; (ii) moderate quality, indicating 
general confidence in results; (iii) low quality, indicating 
limited confidence in certain areas; and (iv) very low 
quality, indicating the confidence could not be promised or 
predicted. The work was completed by GSZ, LYK, and MY.
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3. Results
3.1. Study retrieval and selection

In the present paper, we identified 390 potentially relevant 
studies using the search protocol described above. 
After applying the inclusion and exclusion criteria, 50 
studies were selected based on their titles and abstracts. 
Subsequently, 30 articles lacking the necessary data were 
excluded, resulting in a final set of 20 studies used for this 
meta-analysis. The selection diagram is shown in Figure 1.

3.2. Characteristics of the included study

The main characteristics of these 20 studies are presented 
in Table 1. These studies were published between 2010 and 
2021, encompassing a total of 406 subjects, with 203 in 
the experimental group and 203 in the control group. The 
species studied in the included studies can be classified into 
five categories: (i) C57BL/6 mice[20-22]; (ii) ICR mice[23,24]; (iii) 
Kunming (KM) mice[25]; (iv) SD rats[26-37]; and (v) Wistar 
rats[38,39]. These studies covered 7 types of ALI animal 
models: (i) Smoke inhalation[39]; (ii) cecal ligation and 
puncture[20-22,27,32]; (iii) lipopolysaccharide (LPS)[25,30-32,39]; 
(iv) oleic acid (OA)[33,34]; (v) burnt injury[26]; (vi) ischemia/
reperfusion (I/R)[28,29,37]; (vii) paraquat (PQ)[24,26,35]. 
Regarding interventions, hydrogen saline was used in 12 
studies[26-35], and 2% H2 was used in eight studies[20-23,25,36-38]. 
Two studies used standard error to represent the effect size, 

which needed to be calculated using Equation I[22,37], while 
other studies used standard differences[20,21,23-36,38].

3.3. Assessment of the risk of publication bias

All included studies were checked and scored through the 
CAMARADES checklist to evaluate their methodological 
quality. The scores ranged from three to seven, with 
an average score of 4.75. A detailed summary of 
methodological quality results is provided in Table  2. 
Moreover, all included studies passed the peer-review 
process[20-38]. Out of 20 studies, 10 studies implemented 
temperature control during the experimental sta
ges[21-24,26,28-30,33,37,38]. However, two studies did not provide 
random allocation[20,27]. In addition, only seven studies 
conformed to the use of anesthetic without significant 
intrinsic neuroprotective activity[22,24,26-29,34]. Three studies 
were found to have non-compliance with animal welfare 
regulations[24,26,35]. Regarding the disclosure of potential 
conflicts of interest, only four studies provided and 
declared such statements in their research[28,33,35,38].

3.4. Outcome indicators of the included studies

3.4.1. W/D ratio

The W/D ratio was used as an outcome index in 12 
studies. All these studies provided complete data and 
showed positive effects of 2% H2 and hydrogen saline 
in reducing the W/D ratio. The findings revealed 

Figure 1. Study flow chart of studies retrieval and selection. The inclusion and screening were conducted by two reviewers. The first stage was filtered by 
the title and abstract. In the second stage, screening was conducted again based on the full text of the remaining studies after screening. Finally, studies of 
hydrogen therapy-treated ALI animal models were selected.

https://doi.org/10.36922/gtm.0379
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(Cont’d...)

Table 1. Summary of study characteristics

Author Species Type & modeling process Treatment Indicator

Fang et al., 2011[21] 
[English]

SD rats 
(Male, 8/8)

BI Process: Immersed in boiling water (980C) 
for 12 seconds

Hydrogen saline  
(5ml/kg, ip)

Artery blood: PaO2↑

Tian et al., 2012[22] 
[Chinese]

SD rats 
(Male, 8/8)

CLP Process: Use a 4-0 line to ligate the distal 
cecum and then 18G syringe to perforate the 
ligation of the cecum

Hydrogen saline  
(0.6 mmol/L,5 ml/kg, ip)

Lung tissue: W/D↓, SOD↑, 
MDA↓, TNF-α↓

Chen et al., 2012[23] 
[Chinese]

C57BL/6 
(Male, 8/8)

CLP Process: Ligating the quarter of the 
proximal cecum (nearby the ileocecal 
valve)→perforating ligation at the head and tail 
of the cecum→ squeezing out 0.3 ml substances

2% H2 
(Nasal inhalation 2 hours)

Lung tissue: W/D↓, SOD↑

Li et al., 2014[24] 
[Chinese]

ICR mice 
(Male, 6/6)

CLP Process: Ligating the quarter of the 
proximal cecum(nearby the ileocecal 
valve)→20G syringe to perforate ligation at the 
head and tail of the cecum→ squeezing out 0.3 
ml substances

2% H2  
(Nasal inhalation 2 hours)

Lung tissue: W/D↓

Zhang et al., 2016[25] 
[Chinese]

C57BL/6 
mice (Male, 
10/10)

CLP Process: Ligating the half of the distal 
cecum→ using a 21G syringe to perforate the 
ligation of the cecum→ using NaCl liquid  
(1 ml, IH) for mice recovery

2% H2  
(Nasal inhalation 2 hours)

Lung tissue: W/D↓ , SOD↑, 
MDA↓, TNF-α↓

Xie et al., 2010[26] 
[English]

C57BL/6 
mice (Male, 
30/30)

CLP Process: Ligating the half of distal cecum→ 
using 21G syringe to perforate the ligation of 
the cecum→ using NaCl liquid (1 ml, IH) for 
mice recovery

2% H2  
(Nasal inhalation 2 hours)

Artery blood: PaO2-

Bu et al., 2015[27] 
[Chinese]

SD rats 
(Male, 8/8)

I/R Process: Dividing artery and vein of right 
groin (keeping shocked for 1 hour)→reinfusion 
blood (1 hour)

2%H2  
(Nasal inhalation 2 hours)

Lung tissue: W/D↓

Shi et al., 2013[28] 
[Chinese]

SD rats 
(Male, 8/8)

I/R Process: Dividing artery and vein of right 
groin (keeping shocked for 1 hour)→reinfusion 
blood (lasting 2 hours)

2% H2  
(Nasal inhalation 10 minutes)

Artery blood: PaO2↑ Lung 
tissue: MDA↓, SOD↑, W/
D↓, TNF-α↓

Zou et al., 2018[29] 
[English]

Wistar rats 
(Male, 8/8)

I/R Process: Occluding the bilateral femoral 
arteries (lasting 3 hours) and then reinfusion 
blood (lasting 2 hours)

Hydrogen saline  
(0.6 mmol/L, 10 ml/kg, ip)

Artery blood: PaO2↑

Liu et al., 2013[30] 
[English]

Wistar rats 
(Male, 8/8)

LPS Process: LPS from Escherichia coli 055:B5 
(15 mg/kg, ip)

2% H2  
(Nasal inhalation 30 minutes)

Lung tissue: PaO2↑, W/D↓ , 
SOD↑, MDA↓, TNF-α↓

Mao et al., 2015[31] 
[Chinese]

KM mice 
(Male, 6/6)

LPS Process: LPS from Escherichia coli O127:B8 
(20 mg/kg, ip)

Hydrogen saline  
(15 ml/L, 10 ml/kg, ip)

Lung tissue: W/D↓

Xu et al., 2019[32] 
[Chinese]

SD rats 
(Male, 15/15)

LPS Process: ip, 10 mg/kg Hydrogen saline  
2.2 mg/L, 5 ml/kg, ip)

Lung tissue: W/D↓, SOD↑, 
MDA↓

Liang et al., 2012[33] 
[Chinese]

SD rats 
(Male, 8/8)

LPS Process: LPS from Escherichia coli 055:B5 
(15 mg/kg, ip)

2%H2  
(Nasal inhalation 6 hours)

Lung tissue: TNF-α↓

Song et al., 2016[34] 
[Chinese]

SD rats 
(Male, 10/10)

LPS Process: LPS from Escherichia coli 055:B5 
(5 mg/kg, ip)

Hydrogen saline  
(0.6 mmol/l, 10 ml/kg, ip)

Lung tissue: W/D↓ ,  
TNF-α↓

Ying et al., 2017[35] 
[English]

SD rats 
(Male, 10/10)

OA Process: Caudal vein injection (0.1 ml/kg) Hydrogen saline  
(0.4 mg/L, 5 ml/kg, ip)

Artery blood: PaO2↑

Ying and He, 
2011[36] [Chinese]

SD rats 
(Male, 10/10)

OA Process: Caudal vein injection (0.1 ml/kg) Hydrogen saline  
(0.4 mg/L, 5 ml/kg, ip)

Artery blood: PaO2↑
Lung tissue: TNF-α↓

Fang et al., 2012[37] 
[Chinese]

SD rats 
(Male, 8/8)

PQ Process: Injecting paraquat (35 mg/kg, ip) 2% H2  
(Nasal lasting 72 hours)

Artery blood: PaO2↑
Lung tissue: W/D↓, MDA↓

Liu et al., 2015[38] 
[Chinese]

ICR mice 
(Male, 8/8)

PQ Process: Gavage 20% paraquat (50 mg/kg) Hydrogen saline  
(0.4 mg/L, 5 ml/kg, ip)

Lung tissue: MDA↓

Zhang et al., 2011[39] 
[English]

SD rats 
(Male, 10/10)

PQ Process: Gavage 20% paraquat (50 mg/kg) Hydrogen saline  
(0.4 mg/L, 5 ml/kg, ip)

Artery blood: PaO2↑ Lung 
tissue: W/D↓, MDA↓
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group. All studies provided complete data and reported 
positive results. This indicator also revealed that hydrogen 
therapy could significantly improve the situation of hypoxia 
in ALI animals to a certain degree (effect size: WMD = 14.19, 
95% CI = 6.08 – 22.30, P < 0.001; heterogeneity: I2 = 95.7%, 
P < 0.001; random-effects model; Figure 3).

3.4.3. MDA

Nine studies provided complete data for both the 
experimental group and the control group. The results 
demonstrated a significant difference in MDA levels 
when hydrogen therapy was used to treat ALI animal 
models compared to control groups. It revealed that 
hydrogen therapy could repress lipid peroxidation (effect 
size: WMD  = −1.59, 95% CI = −2.12 – −1.06, P < 0.001; 
heterogeneity: I2  =  97.3%, P < 0.001; random-effects 
model; Figure 4).

3.4.4. SOD

Six studies reported that both 2% H2 and hydrogen saline 
improved SOD levels in lung tissues. The findings suggested 
that hydrogen may scavenge superoxide free radicals in the 
lung by promoting the expression of SOD in ALI animal 
models (effect size: WMD = 20.09, 95% CI = 10.12 – 30.07, 
P < 0.001; heterogeneity: I2 = 98.7%, P < 0.001; random-
effects model; Figure 5).

3.4.5. TNF-α

Eight studies were included in the analysis, and the results 
demonstrated that the experimental groups showed 
significantly lower TNF-α levels compared to the control 
group. The findings confirmed that hydrogen has an 
inhibitory effect on inflammatory factors (effect size: 
SMD  = −3.62, 95% CI = −5.52 – −1.72; heterogeneity: 
I2 = 93.8%, P < 0.001; random-effects model; Figure 6).

3.6. Subgroup analysis

According to the heterogeneity values of W/D, PaO2, 
MDA, SOD, and TNF-α, we performed a subgroup 
analysis, dividing the treatments into 2% H2 and hydrogen 
saline. The analysis aimed to explore whether different 

Table 2. Risk of bias assessment for included studies

Study 1 2 3 4 5 6 7 8 9 10 Score
Fang et al., 2011[26] √ √ √ ‑ ‑ √ √ ‑ √ ‑ 6
Tian et al., 2012[27] √ ‑ ‑ ‑ ‑ √ √ ‑ √ ‑ 4
Chen et al., 2012[20] √ ‑ ‑ ‑ ‑ ‑ √ ‑ √ ‑ 3
Li et al., 2014[23] √ √ √ ‑ ‑ ‑ √ ‑ √ ‑ 5
Zhang et al., 2016[21] √ √ √ ‑ ‑ ‑ √ ‑ √ ‑ 5
Xie et al., 2010[22] √ √ √ ‑ ‑ √ √ ‑ √ ‑ 6
Bu et al., 2015[28] √ ‑ √ ‑ ‑ √ √ ‑ √ ‑ 5
Shi et al., 2013[29] √ √ √ ‑ ‑ √ √ ‑ √ ‑ 6
Zhou et al., 2018[37] √ √ √ ‑ ‑ ‑ √ ‑ √ √ 6
Liu et al., 2013[38] √ √ √ ‑ ‑ ‑ √ ‑ √ √ 6
Mao et al., 2015[25] √ ‑ √ ‑ ‑ ‑ √ ‑ √ ‑ 4
Xu et al., 2019[30] √ √ √ ‑ ‑ ‑ √ ‑ √ ‑ 5
Liang et al., 2012[31] √ ‑ √ ‑ ‑ ‑ √ ‑ √ ‑ 4
Song et al., 2016[32] √ ‑ √ ‑ ‑ ‑ √ ‑ √ ‑ 4
Ying et al., 2017[33] √ √ √ ‑ ‑ √ √ ‑ √ √ 7
Ying and He, 2011[34] √ ‑ √ ‑ ‑ ‑ √ ‑ √ ‑ 4
Fang et al., 2012[26] √ ‑ √ ‑ ‑ ‑ √ ‑ ‑ ‑ 3
Liu et al., 2015[24] √ √ √ ‑ ‑ ‑ √ ‑ ‑ ‑ 4
Zhang et al., 2011[35] √ ‑ √ ‑ ‑ ‑ √ ‑ ‑ √ 4

Liu et al., 2013[36] √ ‑ √ ‑ ‑ ‑ √ ‑ √ ‑ 4

Notes: 1. Peer‑review publication; 2. Control of temperature; 3. Random 
allocation to treatment or control; 4. Blinded induction of model (group 
randomly after modeling); 5. Blinded assessment of outcome (s); 6. 
Use of anesthetic without significant intrinsic neuroprotective activity; 
7. Appropriate animal model (s) (conform to the types of participants); 
8. Sample size calculation; 9. Compliance with animal welfare 
regulations; 10. Statement of potential conflict of interests.

Table 1. (Continued)

Author Species Type & modeling process Treatment Indicator

Liu et al., 2013[40] 
[Chinese]

SD rats 
(Male, 6/6)

SI Process: Smoke inhalation Hydrogen saline  
(10 ml/kg, ip)

Artery blood: TNF-α↓ Lung 
tissue: MDA↓

Notes: Author: First author or corresponding author; Language: The language used for the publication; Species: Including sex, numbers of experiment group, 
and control group; Type and modeling process: The types of acute lung injury and modeling process in animal models; Treatment: The use of intervention and 
lasting times; Indicator: Indicators of included study that can be used for this meta‑analysis.  
Abbreviations: BI: Burn injury; CLP: Cecal ligation and puncture; ip: Intraperitoneal; IH: Intraperitoneal hydration; I/R: Ischemia/reperfusion; LPS: 
Lipopolysaccharide; MDA: Malondialdehyde; OA: Oleic acid; PaO2: Arterial oxygen partial pressure; PQ: Paraquat; SI: Smoke inhalation; SOD: Superoxide 
dismutase; TNF‑α: Tumor necrosis factor‑alpha; W/D: Wet‑to‑dry ratio.

that hydrogen therapy has a significant treatment 
effect in ALI-induced pulmonary edema (effect size: 
WMD =  −0.91, 95% CI = −0.98 – −0.85, P < 0.001; 
heterogeneity: I2 = 98.5%, P < 0.001, tau2=0.9132; 
random-effects model; Figure 2).

3.4.2. PaO2

Nine studies demonstrated the influence of hydrogen 
therapy on improving PaO2 when compared to the control 
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interventions could affect the effects of hydrogen in 
the preclinical trials of ALI. The results indicated that 
there were no significant differences in W/D and PaO2  
(P > 0.05) between the two groups. However, significant 
differences were observed in MDA, SOD, and TNF-α 
(P < 0.05). Compared with the group receiving hydrogen 
saline, the group receiving 2% H2 showed significantly 
lower levels of MDA (2% H2 = −4.12 [95% CI = −6.67 
– −1.57] vs. hydrogen saline = −0.96 [95% CI = −1.50 – 
−0.43]; P = 0.02 < 0.05) and TNF-α (2% H2 = 6.54 [95% 
CI = −10.99 – −2.10] vs. hydrogen saline = −1.67 [95% CI 
= −3.14 – −0.21); P = 0.04 < 0.05). The results reflected 

the degrees of lipid peroxidation and inflammation. On 
the other hand, the group receiving hydrogen saline had 
higher SOD levels than the 2% H2 group, reflecting the 
ability of SOD in scavenging free radicals in vivo (2% H2 = 
14.14 [95% CI = 3.31 – 24.97]) vs. hydrogen saline = 39.89 
[95% CI = 29.76 – 50.02]); P < 0.001; Figure 7).

3.7. Meta-regression

We classified the species used in the W/D-included studies 
into two groups: Seven studies used SD rats, and four studies 
used other species, including C57BL/6J mice, ICR mice, KM 
mice, and Wistar rats. Since the number of studies with 
other species is relatively small, and we can only select one 
covariate for meta-regression analysis, we chose to classify 
the studies based on whether they used SD rats or other 

Figure  2. Effect of hydrogen for wet-to-dry ratio. Weighted means 
difference was used to analyze data. 95% confidence interval was use as 
effect sizes. The random-effects model was used to pool data.

Figure 3. Effect of hydrogen for arterial oxygen pressure. Weighted means 
difference was used to analyze data. 95% confidence interval was used as 
effect sizes. The random-effects model was used to pool data.

Figure  4. Effect of hydrogen for malondialdehyde. Weighted means 
difference was used to analyze data. 95% confidence interval was used as 
effect sizes. The random-effects model was used to pool data.

Figure 5. Effect of hydrogen for superoxide dismutase. Weighted means 
difference was used to analyze data. 95% confidence interval was used as 
effect sizes. The random-effects model was used to pool data.
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species. We assigned the number “1” to represent SD rats 
and the number “0” to represent other species. For the meta-
analysis, we used restricted maximum likelihood estimation 
(REML) to estimate heterogeneity and used tau2 statistics to 
explain the heterogeneity between studies using Equation II.

−
∆

2 2
0 1

2
0

=
tau tau

tau
� (II)

Where tau2
0  represents the result before meta-

regression, tau2
0  represents the result after meta-regression, 

and Δ represents heterogeneity between studies.

The results of the meta-analysis revealed that species 
variations could explain 50% of heterogeneity between 

studies of W/D, suggesting that the choice of species can 
cause observed heterogeneity, particularly in the case 
SD rats (P = 0.015 < 0.05, tau2

1 = 0.4579, tau2
0 = 0.9132; 

Figure  8). These findings emphasize the importance of 
carefully selecting the appropriate ALI animal model 
that best aligns with the research hypothesis. Researchers 
should be mindful of the potential differences in ALI 
symptoms between animals and humans.

3.8. Influence of language

As reported by Song et al.[39], excluding non-English 
literature may introduce a specific bias. To address this 
concern, our study applied Fisher’s exact test to compare the 
included studies in different publication languages, aiming 
to assess the impact of language on the results of the meta-
analysis[40]. The result revealed that there was no significant 
difference between the studies published in different 
languages (P = 0.30 > 0.05, Table 3). This finding implied 
that language is not a likely factor influencing the results 
of our meta-analysis and indicates that the publication bias 
related to language was not a concern in the present paper.

3.9. Publication bias

Egger’s test was used to analyze the publication bias in 
the present paper. As recommended by Sterne et al.[41], 
the number of included studies for tests of funnel plot 
asymmetry should be more than 10. Therefore, the studies 
related to W/D were used to evaluate the publication 
bias. The results of Egger’s regression plot indicated the 
presence of significant differences between the studies 
(P  = 0.039 <  0.05, Figure  9). This finding suggests that 
further analysis is necessary to assess the robustness of the 
results.

Figure 6. Effect of hydrogen for tumor necrosis factor-alpha. Weighted 
means difference was used to analyze data. 95% confidence interval 
(95% CI) was used as effect sizes. The random-effects model was used 
to pool data.

Figure 7. Subgroup analysis of interventions. The interventions were analyzed using five indicators: (A) Wet-to-dry ratio; (B) arterial oxygen pressure; 
(C) malondialdehyde; (D) superoxide dismutase; (E) tumor necrosis factor-alpha.

D

CBA

E
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3.10. Sensitivity analysis

The stability and reliability of this meta-analysis were 
assessed using the trim and fill plot and sensitivity analysis. 
In the sensitivity analysis, we systematically omitted one 
study at a time and recalculated the effects of the remaining 
studies to assess the potential impact of individual studies 
on the overall results. In addition, we examined whether 
there were additional virtual studies in the trim and fill 
plot. The results showed that no significant differences 
were observed after the removal of any single study. 
Furthermore, the results of the trim and fill plot indicated 
that there were no omissions of included studies, further 
supporting the reliability of the results obtained from this 
meta-analysis (Figure 10).

3.11. Grade evidence assessment

As for the grade evidence of the included indicators, 
W/D, MDA, and SOD have moderate-quality evidence, 
indicating that there is moderate confidence in the 
conclusion that the real value is close to the estimated 
value. PaO2 has a low quality, and TNF-α has a very low 
quality, suggesting that the present paper has reservations 
about the credibility of the results for PaO2 and TNF-α. 
More detailed information regarding these indicators can 
be found in Table 4.

4. Discussion
In the present paper, we performed a meta-analysis and 
systematic review of 20 preclinical studies on ALI. Our 
findings revealed that both 2% H2 and hydrogen saline 
demonstrated effects of significantly reducing the volume 
of pulmonary edema, improving hypoxia, repressing lipid 

peroxidation, scavenging oxygen free radicals, and inhibiting 
expressions of inflammatory factors. Moreover, we also 
found that 2% H2 exhibited superior effects in reducing 
MDA and TNF-α compared to hydrogen saline. However, 
hydrogen saline outperformed 2% H2 in terms of SOD levels. 
The findings suggest that hydrogen and hydrogen saline can 
be chosen or combined to optimize treatment efficacy for 
different degrees of ALI (shown in Figure 11)

4.1. Interventions that affect the distribution of 
hydrogen

The distribution and concentration of molecular hydrogen 
in various organs have been investigated by different 
researchers. Sun et al.[42] reported that the molecular 
hydrogen concentration reached its peak approximately 
5  min after injecting hydrogen saline into the liver and 
kidneys. In contrast, Liu et al.[43] demonstrated that 
inhaling 2% H2 gas resulted in maximum gas levels in the 

Figure 8. Meta-regression of Sprague-Dawley (SD) rats. The number “0” 
represents non-SD rats, and the number “1” represents SD rats.

Figure 9. Egger’s test of wet-to-dry ratio.

Table 3. Fisher’s exact test

(a)

Language
Effects

TotalNo Yes

English 1 5 6

Chinese 0 14 14

Total 1 19 20

(b)

Value DF Asymptotic 
significance 

(2‑sided)

Exact 
significance 

(2‑sided)

Exact 
significance 

(1‑sided)

Pearson 
Chi‑square

2.456 1 0.117 ‑ ‑

Fisher’s 
exact test

‑ ‑ ‑ 0.300 0.300

N of valid 
cases

20 ‑ ‑ ‑ ‑
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liver and kidneys for up to 30 min, with retention in organs 
for at least 60  min after inhalation. Besides, Yamamoto 
et al.[44] reported that the concentration and distribution of 
hydrogen gas in different organs depend on gas diffusion 
and blood supply. Similarly, Watanabe et al.[45] revealed that 
continuous inhalation of hydrogen gas could maintain the 
hydrogen concentration for a longer duration compared 
to the injection of hydrogen saline. These studies suggest 
that the effects of 2% H2 differ from hydrogen saline in 
the treatment of ALI animals[43-45]. However, it is essential 
to acknowledge the limitations. At present, no study 
has explored the difference between hydrogen gas and 
hydrogen saline in the treatment of ALI simultaneously. 
Therefore, researchers are encouraged to further explore 
this difference by comparing the therapeutic effects of 

both interventions concurrently. Moreover, Sano et al.[46] 
confirmed that inhaled H2 treatment could be detected 
by instruments in pigs, and the concentration of H2 can 
also be artificially controlled. Most importantly, the 
present paper suggests that priority should be given to H2 
gas inhalation in the treatment of ALI, or a combination 
treatment can be performed by inhaling hydrogen first and 
then administering hydrogen saline when ALI worsens.

4.2. Factors contributing to heterogeneity

According to the result of the meta-regression, we identified 
that species differences, particularly in SD rats, may contribute 
to heterogeneity. This finding can help researchers choose 
appropriate species and models for testing their hypotheses. 
In addition, it aids in extrapolating animal study findings into 

Figure 10. (A) Trim and fill plot of wet-to-dry ratio; (B) sensitivity analysis of wet-to-dry ratio.

Table 4. Grade evidence for assessment

Participants 
(number of studies)

Risk of bias Inconsistency Indirectness Imprecision Publication bias Overall quality of evidence

200 (W/D)
(12 studies)

Serious1 No serious 
inconsistency

No serious 
indirectness

No serious 
imprecision

Reporting bias 
strongly suspected2

⊕⊕⊕⊝
MODERATE1,2,

due to risk of bias, 
publication bias

214 (PaO2)
(9 studies)

Serious1 No serious 
inconsistency

No serious 
indirectness

No serious 
imprecision

Reporting bias 
strongly suspected2

⊕⊕⊝⊝
LOW1,2

due to risk of bias, 
publication bias

176 (MDA)
(9 studies)

Serious1 No serious 
inconsistency

No serious 
indirectness

No serious 
imprecision

Undetected ⊕⊕⊕⊝
MODERATE1

due to risk of bias

128 (SOD)
(6 studies)

Serious1 No serious 
inconsistency

No serious 
indirectness

No serious 
imprecision

Undetected ⊕⊕⊕⊝
MODERATE1

due to risk of bias

170 (TNF‑α)
(8 studies)

Serious1 No serious 
inconsistency

No serious 
indirectness

Serious3 Reporting bias 
strongly suspected2

⊕⊝⊝⊝
VERY LOW1,2,3

Due to risk of bias, 
imprecision, publication bias

Notes: 1These included studies have not obeyed some items of the CAMARADES checklists. 2Use the egger’s test to verify that the results have 
significant differences. 3The units of these included studies could not be unified that used standard mean difference (SMD) to remove the influence of 
units.

BA
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clinical trials, thereby improving the feasibility of translating 
preclinical research. However, it is important to note that the 
results of this meta-regression are limited to rats and mice, and 
their applicability to other animal species remains uncertain. 
Furthermore, the GRADE assessment revealed that 40% of the 
indicators in the included studies had low or very low quality, 
which showed that most of the investigators did not adhere to 
relevant animal experiment guidelines, causing certain biases 
in the experiments. Therefore, it is essential for researchers 
to systematically search for all relevant experimental animal 
studies before designing or initiating new animal experiments 
or clinical trials[47].

4.3. Anti-inflammation mechanisms of hydrogen

Alveolar edema and pulmonary interstitial edema are 
hallmarks of ALI[48]. These symptoms are often the result of 
changes in the permeability of alveolar-capillary barriers. 
Neutrophils play a key role in the progression of ALI as 
they are the first cells recruited to the inflammatory site[49]. 
Orfanos et al.[50] reported that neutrophil infiltration in 
ALI can be divided into three stages: (i) Neutrophil capture 
and rolling; (ii) neutrophil adhesion; and (iii) neutrophil 
transmigration. In the first stage, endothelial cells are 
affected by cytokines like TNF-α, interleukin-1 (IL-1), or 
LPS and then release abundant adhesion molecules of the 
selectin family such as E-selectin and P-selectin to capture 
activated-neutrophils[51]. In the next stage, cytokines 
continue to be released, prompting the endothelium to 
release reactive oxygen species (ROS) and intercellular 
adhesion molecule-1, facilitating cell adhesion[52]. Finally, 
neutrophils transmigrate through the endothelium and 
cause infiltration. Myeloperoxidase, the main component 
of neutrophil activation and secretion, serves as an 
indicator of the degree of neutrophil infiltration in the 
alveolar cavity[53,54]. Several included studies used MPO 
from bronchoalveolar lavage fluid as the indicator to reflect 
neutrophil infiltration[20,22,26,27,29,33,34,37,38]. All these studies 
have demonstrated that molecular hydrogen can inhibit the 

expression level of MPO, reducing neutrophil infiltration 
and suppressing the release of inflammatory cytokines such 
as IL-1, IL-6, IL-8, and TNF-α cytokines in lung tissues. Ying 
and He[34] found that molecular hydrogen could ameliorate 
OA-induced ALI symptoms and inhibit the expression 
of NF-κB p65 proteins. Similarly, Liang et al.[31] showed 
that molecular hydrogen could inhibit p38MAPK protein 
activation, reduce downstream TNF-α expression, and 
attenuate inflammatory cell infiltration. Most importantly, 
these studies revealed that hydrogen not only inhibits the 
secretion of inflammatory cells such as neutrophils but also 
ameliorates ALI symptoms, modulates the expression of 
p38MAPK and NF-κB proteins, and blocks the release of 
cytokines. However, further studies are needed to identify 
the molecular mechanism of hydrogen in alleviating ALI.

Furthermore, several studies have shown that 
hydrogen can inhibit pulmonary fibrosis by regulating 
macrophage polarization. Macrophages can exhibit two 
phenotypes, M1 and M2[55]. Under normal physiological 
conditions, alveolar macrophages are predominantly of 
the M2 phenotype. However, during infection or injury, 
M2 macrophages can polarize into the M1 phenotype 
and release a large number of inflammatory mediators, 
inducing ALI to enter the exudation phase[56]. If injury and 
inflammation continue to occur, alveolar macrophages 
polarize will toward the M2 phenotype and release IL-6, 
TGF-β, IL-4, and other cytokines, leading to ALI entering 
the fibrosis stage[56,57]. Audi et al.[10] demonstrated that 
repeated inhalation of hydrogen could reduce persistent 
inflammation and prevent irreversible alveolar fibrosis.

4.4. Antioxidant mechanisms of hydrogen

The excessive production of ROS is the cause of damage 
to pulmonary vascular endothelial cells and dysfunction 
of alveolar epithelial cells[58]. Li et al.[23] demonstrated that 
hydrogen can eliminate ROS and enhance the expression of 
Nrf2 molecule. Under physiological conditions, Nrf2 molecule 
is localized in the cytoplasm and forms a complex with the 

Figure 11. The summary of the meta-analysis.
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cytoplasmic protein chaperone Keap1, which inhibits Nrf2 
activity. However, under the influence of oxidative stress, Nrf2 
and Keap1 proteins dissociate and translocate into the nucleus. 
There, they bind to the GCTGAGTCA site of antioxidant 
response element (ARE) sequence proteins, inducing the 
expression of antioxidant proteins (SOD, CAT, etc.) and phase 
II detoxification enzymes, such as heme-oxygenase-1 (HO-1) 
to make the effect of anti-oxidative stress[59,60].

4.5. Limitations

This meta-analysis has several limitations. First, the number of 
studies available for inclusion in this meta-analysis is limited, 
although this meta-analysis is, to the best of our knowledge, 
the first to discuss how different administration methods of 
hydrogen affect the treatment effects of ALI animal models. 
Second, there is significant heterogeneity among the included 
studies, and the average quality scores of the studies are 
relatively low, indicating a potential publication bias. Third, 
there is a lack of research on the direct comparison between 
the effects of inhaling H2 and injecting hydrogen saline. This 
limitation makes it difficult to further explore the effects 
and the relationship between treatment times for H2 and 
hydrogen saline. Finally, the grade evidence indicates that 
the results of some included indicators may not be reliable, 
suggesting that there are certain issues with the experimental 
designs of the ALI animal models. Although the trim and fill 
funnel plot and sensitivity analysis provide some reassurance 
regarding the reliability of the meta-analysis results, it also 
underscores the needs for improving the design of animal 
experiments in future studies.

5. Conclusion
This meta-analysis provides evidence that the therapeutic 
potential of hydrogen in ALI is mediated through the 
inhibition of the relevant molecules and proteins related 
to the NF-κB and p38MAPK signaling pathways, which 
reduces inflammation. In addition, hydrogen plays a 
role in antioxidant stress by stimulating the expression 
of antioxidant proteins through the Nrf2/ARE signaling 
pathway. Furthermore, hydrogen can regulate neutrophil 
adhesion and macrophage polarization, suggesting its 
potential to inhibit idiopathic pulmonary fibrosis.
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Abstract
During cancer progression, bromodomain and extra-terminal (BET) families regulate 
chromatin and recruit enzymes that are associated with chromatin regulation to control 
gene expression. The bromodomain-containing protein 4 (BRD4) plays an important 
role in DNA damage repair, nuclear factor kappa B (NFκB) signaling, interaction with 
c-Myc, and transcription regulation of genes essential in carcinogenesis, as well as 
links transcription at enhancers and genes to regulate enhancer transcription. The 
colocalization of BRD4 with enhancer and promoter-proximal gene regions enables 
the elongation activation at enhancer genes. The inactivation of BRD4 has been 
demonstrated to inhibit cancer development, corroborating BRD4 as a promising 
therapeutic target. In addition, small-molecule inhibitors targetting functional 
domains of BRD4 are under investigation for their potential therapeutic applications 
in cancer and other diseases. This review presents an overview of BRD4 function and 
its dysfunction in cancer progression, as well as discusses how the potential of BRD4 
as a therapeutic target.

Keywords: BRD4 signaling; Therapy; Cancer

1. Introduction
Although initially recognized as epigenetic regulators in inflammation and inflammatory 
diseases, bromodomain and extra-terminal (BET) proteins, consisting of bromodomain-
containing protein (BRD)2, BRD3, BRD4, and bromodomain testis-specific protein 
(BRDT) (Figure  1), are frequently deregulated in cancer, playing a significant role in 
tumorigenesis through the promotion of aberrant chromatin modeling and gene 
transcription[1,2]. BET families, including BRD4, share two N-terminus domains 
(N-terminal bromodomain, BD1 and N-terminal bromodomain, BD2) and a C-terminal 
domain (extra-terminal, ET domain). A  high level of conservation exists among the 
bromodomains of different species, and the sequences of different BET family members 
are highly similar. The BD domains bind to acetylated lysine residues on histones, while 
the ET domain mediates protein-protein interactions and regulates transcriptional 
activity[3,4].

The bromodomains are conserved protein modules which share a high degree of 
sequence similarity in amino acid; however, each BET protein recruits a distinct set of 
transcriptional regulatory complexes. Through their unique protein domains outside 
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their bromodomains, BET proteins, including BRD2, 
BRD3, BRD4, and BRDT, can recruit a distinct set of 
transcriptional regulatory complexes, thereby altering gene 
expression and cellular processes. For example, C terminus 
of BRD4 contains a conserved motif known as the P-TEFb 
interacting domain (PID), which interacts with the positive 
transcription elongation factor b (P-TEFb) and facilitates the 
recruitment of P-TEFb-containing complexes to chromatin. 
This results in the activation of RNA polymerase II and 
transcriptional elongation[5,6]. The ET domain of BRD4 plays 
a role in the recruitment of transcription modifiers, such as 
NSD3 histone methyltransferase and independently of the 
bromodomains[7]. In summary, the diverse functions of BET 
proteins and their recruitment of distinct transcriptional 
regulatory complexes stem from the interplay of different 
functional domains within their molecular structure.

Genetic events affecting BRD4 may affect tumor 
initiation, progression, and metastasis. Genetic changes 
to BRD4, including gene rearrangements and mutations 
such as missense substitutions, in various human cancers 
have been reported[8]. BRD4 gene rearrangements have 
been identified in hematological malignancies, such as 
NUT midline carcinoma (NMC), acute myeloid leukemia 
(AML), and multiple myeloma (MM). In NMC, BRD4 is 
fused with the nuclear protein in testis (NUT) gene, giving 
rise to, if expressed, a chimeric protein that is thought to 
regulate pathogenesis of this aggressive and often lethal 
cancer. In AML, BRD4 gene rearrangements result in BRD4 
overexpression, which promotes cancer cell proliferation 
and survival[6]. The oncogenic potential of mutated BRD4 
has been found to be enhanced through several missense 
mutations resulting in amino acid substitutions in the two 

Figure 1. BRD4 and BET family isoform structure. Human BRD2, BRD3, BRD4, and BRDT isoforms are presented. There are two tandem bromodomains 
in BRD4 long isoforms (BRD4-L) that are incorporated into a protein with 200 kDa, one extra-terminal (ET) domain, histone acetyltransferase (HAT) 
activity, and a C-terminal domain (CTM). BD1 and BD2 domains are present in the BRD4 short isoform (BRD4-S), along with an ET domain and one 
C-terminal domain. As an additional protein-protein interaction domain, the ET domain is characteristic of members of the BET family.
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terminal helices of BRD4 and in the region proximal to 
its acetyl-lysine docking site[9]. Bromodomains recognize 
acetylated histones and other proteins through these two 
helices, along with the ZA loop (Figure  1). Amino acid 
substitutions in these regions can alter the specificity 
and affinity of the acetyl-lysine binding pocket, leading 
to aberrant recruitment of transcriptional regulators 
and gene expression dysregulation. Several studies have 
identified specific amino acid substitutions in BRD4 that 
are associated with oncogenesis. For example, G485D in 
the αB helix has been shown to increase BRD4 interaction 
with acetylated histones and to promote cancer survival. 
Other substitutions in the αB and αC helices, such as 
E429V and P593L, have also been shown to promote 
oncogenic properties in various cancer types[9]. Overall, 
these findings underscore the importance of BRD4 as a 
transcriptional regulator in both normal cellular processes 
and carcinogenesis. In view of its dysregulation in cancer, 
BRD4 might serve as a prime candidate for therapeutic 
targeting, and more detailed studies are required to provide 
valuable insights into the molecular mechanisms driving 
tumorigenesis.

2. BRD4 enzymatic activities
BRD4 has two isoforms. BRD4 long isoform (BRD4-L) is 
a protein of 152 kDa that contains BD1 and BD2 domains, 
an ET domain, and a C-terminal domain, whereas BRD4 
short isoform (BRD4-S), originally called HUNK1[10], 
is approximately 81  kDa and consists of BD1 and BD2 
domains, an ET domain, and a C-terminal domain 
(Figure 1). Unless otherwise stated, the BRD4 mentioned 
in this review refers to BRD4-L only.

The enzymatic activities of BRD4 are distinctly 
different from those of other BET family proteins. Kinase 
and histone acetyltransferase (HAT) activity are enzyme 
functions intrinsic to BRD4, enabling the dynamic 
regulation of its interacting partners. Through its kinase 
activity, BRD4 phosphorylates many of its interacting 
partners, including c-Myc, TATA-box binding protein 
associated factor 7 (TAF7), P-TEFb, and most importantly, 
the C-terminal domain of RNA polymerase II[11], thereby 
directly controlling their transcription. BRD4 contains 
an HAT domain, which acetylates histone proteins in the 
nucleosome[12]. Following the histone acetylation by BRD4, 
the chromatin structure is loosened to enable DNA-histone 
interactions, increasing the access of transcription factors 
and regulatory proteins to DNA and then altering the cell 
behavior.

Other domains and motifs in BRD4 assist with the 
enzymatic activities or interact with multiple factors in a 
positive manner. On structural binding with N-terminus 

and C-terminus, the BRD4 complex can facilitate 
recruitment and interaction with other factors in a bigger 
extent[13]. The A motif is critical for its binding to the 
C-terminal domain of RNA polymerase II. The C-terminus 
of BRD4 binds to c-Myc and inhibits its HAT activity [12,14]. 
Taken together, the distinct enzyme domains of BRD4 
contribute to transcriptional regulation by increasing the 
access of transcriptional regulators to chromatin.

3. BRD4 and transcriptional regulation
BRD4 has been shown to regulate transcription in both 
in vivo and in vitro models. The interaction between BRD4 
and chromosomes during mitosis could identify the genes 
whose transcription has already begun in G1 phase, which 
are required to ensure cell cycle progression[15-18]. Apart 
from that, BRD4 also helps to maintain embryonic stem cell 
characteristics, and it is essential during embryogenesis[19-21] 
and cell identity determination during both early phases 
and development. During early phases of embryogenesis, 
BRD4 regulates the self-renewal and pluripotency 
of embryonic stem cells by controlling Nanog[20] and 
OCT4[21]. In vivo, BRD4-deficient embryos, which lack 
sufficient BRD4 function, exhibit developmental defects, 
particularly during the early stages of development, which 
can lead to embryo lethality shortly after implantation[22]. 
The unfavorable outcome can be justified by its inability to 
maintain the inner cell mass, which is crucial for proper 
embryo development. BRD4 plays a crucial role in cell 
identity determination during development by selectively 
regulating lineage-specific genes. During embryonic 
development, pluripotent stem cells develop into various 
differentiated cell types through a process known as 
differentiation. This process is tightly controlled by 
transcriptional factors and epigenetic regulators, such as 
BRD4, which help establish and maintain cell identity[23]. 
In addition to its role in development, dysregulation of 
BRD4 activity has been implicated in the progression of 
various diseases.

BRD4 also serves as a transcriptional activator and a 
histone code reader (Figure  2)[24]. BRD4 is a recognized 
as transcription activator, even though it can also act 
as a transcriptional repressor[25,26]. In addition, BRD4 
accumulates in hyperacetylated and transcriptionally-
prone chromatin regions where it reads the histone code, 
where it acts as a nucleation center for large protein 
complexes whose function is to stimulate transcription 
initiation and elongation, leading to RNA polymerase II 
activity. Transcription factors transmit signals between 
enhancers and their target genes[27]. This function largely 
relies on BRD4 with its colocalization with genes and 
enhancer regions[28,29], as well as its BD domains and 
their ability to recognize acetyl proteins[10,11]. Bressin et al. 
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have recently shown, by means of high-sensitive nascent 
transcript sequencing, that BRD4 specifically controls 
enhancers and the target gene transcription, correlating 
the transcription of enhancers and genes[30]. Overall, BRD4 
plays a critical role in transcription regulation, and its 
transcriptional activity has a bearing on cell development.

4. BRD4 and DNA damage repair
As a reader of the chromatin state, BRD4 is a major player 
in DNA damage repair. In general, genomic instability and 
cancer development induce DNA double-strand break 
(DSB) repair[31], and DNA damage response is thought 
to be regulated by histone modifications mediated by 
post-translational modifications[32]. BRD4 plays a role in 
transcriptionally independent DNA damage repair and 
acts as a master regulator of numerous genes. It is a core 
component of the DNA repair system and an activator of 
DNA damage checkpoints.

There BRD4 transcriptional activity depends on 
its ability to link histone modifications to DNA repair 
machinery, instead of DNA repair. In B lymphocytes, 
Stanlie et al. found that BRD4 is required for the activation-
induced cytidine deaminase (AID) to complete class 
switch recombination following DSBs[33]. The study also 
demonstrated that BRD4 facilitates gene rearrangements 
in prostate cancer when induced by ionizing radiation 
to repair DNA DSBs. Using BET inhibitor or specific 
silencer to inhibit BRD4 causes increased phosphorylated 
H2AX and persistent DNA damage, leading to genomic 
catastrophe and eventual cell death[34]. BRD4 contributes 

to DNA repair by modifying histones and DNA repair 
machinery. As these modifications accumulate at both 
ends of the breaks, BRD4 is recruited, which serves as 
docking sites for DNA repair enzymes.

The p53 binding protein (53BP1), a major binding 
partner of BRD4, is among the DNA repair components 
that coimmunoprecipitate with BRD4[33,34]. As a molecular 
scaffold[35,36] and recruiter of DSB-responsive proteins, 53BP1 
is recruited by DSB-specific histone to damage chromatin. 
53BP1 recruitment to ionizing radiation-induced DSB is 
abrogated when BRD4 is inhibited, as demonstrated by 
Li et al.[34]. Similarly, BRD4, which functions upstream of 
53BP1, guides it to DSBs since silencing of 53BP1 does not 
affect BRD4 binding (Figure  3)[35], and 53BP1 binding to 
DNA repair complexes on site is likely to be stabilized by 
interaction with BRD4 at DSBs[37].

The inhibition of BRD4 results in a decreased expression 
of genes in non-homologous end joining (NHEJ) pathway. 
In addition, BRD4 promotes NHEJ activity, as well as 
DNA damage checkpoint activation[38,39]. Replication 
stress is a complex phenomenon induced by, among 
others, oncogenes that increase DNA transcription and 
replication[40]. Activation of ATR and CHK1 kinase axes 
occurs when the replication fork structure exposes single-
stranded DNA[41]. When the DNA damage checkpoint 
malfunctions, the replication fork collapses and DNA 
DSBs occur, followed by chromosome rearrangements[42]. 
Chromatin associated with BRD4 is known to be associated 
with replication forks. DNA replication initiation is licensed 
by CDC6, and BRD4 is involved in this process. When 

Figure 2. BRD4 is involved in the organization of chromatin and the transcription of genes. Through BRD4-L, histone acetylation is promoted, leading to 
the recruitment of more BRD4-L molecules. Subsequently, positive transcription elongation factor b (P-TEFb) binds to BRD4-L. Together, P-TEFb and 
BRD4-L reactivate gene transcription with the aid of RNA polymerase II in a pause-release manner. This figure is adapted and modified from Drumond-
Bock and Bieniasz[24].
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BRD4 is inhibited, cells can be exposed to stress-inducing 
agents due to a defective DNA damage checkpoint[39]. 
Thus, in view of the above, targeting the DNA damage 
repair pathway (DDR) in the treatment of cancers whose 
DNA damage repair components are defective could be a 
promising therapeutic approach[43-47].

5. The opposite roles of BRD4-L and BRD4-S
BRD4 plays a crucial role in DDR[34,48,49]. The BRD4-L 
isoform regulates the transcription of genes involved 
in DNA repair and NHEJ genes[33,48]. It also binds and 
modulates NHEJ protein complexes. In contrast, BRD4-S 
isoform has been reported to act as an endogenous inhibitor 
of DNA repair complexes in the DDR (Figure  4)[38,48] 
and protect chromatin from the DDR machinery in the 
presence of DNA damage[48,50,51] by stably binding to DNA 
molecules. Further, BRD4-S recruits condensation II 
complex components, preventing DDR propagation by 
inducing chromatin condensation. BRD4-L promotes 
NHEJ DNA repair, which is however inhibited by BRD4-S, 
pointing to the opposite roles of BRD4-L and BRD4-S in 
DNA repair machinery.

6. Functions of BRD4 in cancer
6.1. Expression of BRD4 in cancers

Enhanced BRD4 activity in cancer patients leads to 
increased expression of MYC, NOTCH3, and NRG1. In 
addition to a high proliferation rate and genetic instability, 
cancer cells expressing BRD4 are capable of epithelial-
mesenchymal transition and metastasis, as well as exhibit 
chemotherapy resistance[24].

Aberrant promoter hypermethylation often causes 
BRD4 downregulation in primary colon cancer tumors 
and cell lines. It is suggested that BRD4 plays a role in 
human colon cancer by inducing ectopic re-expression 
in these colon cancer cell lines; however, more studies are 

warranted to determine whether BRD4 plays a role in this 
cancer type[52].

6.2. BRD4 and NFκB signaling

BRD4 is involved in NFκB-dependent promoter and 
super-enhancer modulation, while NFκB signaling 
blocks cognate transcriptional elements and activates 
cognate promoters. P-TEFb can be recruited by BRD4 to 
NFκB-dependent acetylated histones through caspase-3 to 
achieve primary response gene transcription[53]. It is also 
possible that NFκB-dependent signaling in cancer cells 
may enhance orphan disease pathology[52].

BRD4 also modulates non-histone proteins, such 
as coactivator RELA. Acetylated RELA binds to BRD4, 
increasing its transactivation activity in the nucleus. 
The previous studies have shown that RELA/p65 is 
phosphorylated at serine 276 and 536, thereby facilitating 
the recruitment of p300/CBP histone acetyl-transferase 
in the RELA/BRD4 interaction[54]. STAT3-dependent 
phosphorylation of RELA increases RELA acetylation by 
p300/CBP, contributing to constitutive NFκB activity in 
tumors[55,56]. It is noteworthy that SETD6 monomethylates 
lysine 310 in RELA and has been demonstrated to 
interact with EHMT1/GLP histone methyltransferase 
at chromatin, helping contribute to the control of NFκB 
signaling at target promoters[57]. Activation-dependent 
phosphorylation of serine 311 blocks monomethylation 
of RELA/p65 lysine 310. Taken together, these findings 
corroborate a close connection between NFκB and BET 
protein family signaling through BRD4.

6.3. BRD4 and c-Myc as a couple

Several cancer types have shown that the oncogene MYC 
is regulated by super-enhancer elements[58-61]. c-Myc 
oncoprotein is a central regulator of gene expression that 
exerts a profound influence on various cellular processes. 
It has been estimated that a substantial portion of human 

Figure  3. An illustration of how BRD4 participates in double-strand break (DSB) repair. H4Ac and γH2AX accumulate at DSBs, triggering BRD4 
recruitment. Assembly and activation of DNA repair machinery are facilitated and stabilized by BRD4, which facilitates and stabilizes 53BP1. This figure 
is adapted from Drumond-Bock and Bieniasz[24].
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genome-wide genes are under the control of the MYC 
protein[62]. c-Myc and BRD4 together play a crucial role 
in cell biology and diseases. They act as transcription and 
chromatin regulators for a wide array of genes. Evidence 
suggests that transcriptional and post-transcriptional 
regulation of MYC is tightly intertwined with BRD4. It has 
been found that BET inhibitors[63,64] regulate c-Myc levels 
through BRD4. Mechanistically, the acetyl lysine-binding 
pockets of BET proteins are occluded by these inhibitors, 
which mimicking the acetyl moiety and inhibiting tumor 
growth by reducing oncogene expression[65]. Most of these 
inhibitors are currently evaluated for their therapeutic 
efficacy in hematological and solid cancers under early-
phase clinical trials.

6.4. BRD4 and retinoblastoma protein

Ding et al. (2022) demonstrated that retinoblastoma 
(RB)-inhibited cancers possess an increased resistance to 
BET inhibitors[66]. As an inhibitor of cancer-promoting 
activities, RB protein interacts with E2F family proteins to 
inhibit accelerated cell cycle progression[67]. Researchers 
have shown that the RB amino-terminal region interacts 
with the FXXXV motif of client proteins, such as EP300 
interacting inhibitor of differentiation 1 (EID1) and p65, 
to regulate cancers[68,69]. The levels of GNBIL protein in 
prostate cancer are positively correlated with the levels 
of S249/T252-phosphorylated RB. Genes enriched in 
pathways such as the GPCR/GNBIL/CREB signaling are 
enriched in BRD4 proteins upon RB knockdown. Thus, 
BRD4 can be intrinsically inhibited by RB protein, and 

the inactivation of RB protein confers resistance to small-
molecule inhibitors of BET.

7. Post-translational modifications of BRD4
Post-translational modifications are critical to the role 
of BRD4 in tumors. At present, ubiquitination and 
phosphorylation are the primary post-translational 
modifications of BRD4[70]. BRD4 protein structure, 
stability, and biological function are impacted by the 
diversity, complexity, and reversibility of post-translational 
modifications, which also play a role in tumor progression 
and development by regulating the expression of tumor-
related genes.

7.1. Ubiquitination

The accumulation of BRD4 protein is the key determinant 
of the development of BET inhibitor resistance as well 
as the requisite for tumor development, which has 
been demonstrated to be associated with E3 ubiquitin 
ligase adaptor Speckle-type  POZ protein (SPOP). SPOP 
facilitates proteasome degradation by ubiquitinating and 
degrading BRD4, which is a polyubiquitination target[71-73]. 
By increasing the level of BRD4 protein, SPOP-mediated 
BRD4 protein degradation disorder contributes to prostate 
cancer formation[74]. SPOP mutations in endometrial 
cancer drive more rapid degradation of BRD4 protein, 
making the cancer cells susceptible to BET inhibitors. 
There is currently no clear mechanism as to how the 
SPOP mutation leads to BRD4 protein degradation; 
however, how BRD4 protein accumulation facilitates BET 

Figure  4. Molecular mechanisms of DNA damage response mediated by BRD4 isoforms. DNA damage repair machinery (DDR) is prevented from 
repairing damaged DNA due to the BRD4-S protein stably bound to the DNA molecules. BRD4-S promotes chromatin compaction by binding lysine-
acetylated histones (Ac). NHEJ DNA repair is facilitated by BRD4-L. BRD4-L isoform activates the transcription of NHEJ genes and stabilizes NHEJ 
protein complexes in DNA damage site. By decreasing DDR and promoting error-prone NHEJ, increased activity of either or both isoforms can cause 
genomic instability. This figure is adapted from Drumond-Bock and Bieniasz[24].
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inhibitor resistance and tumor development has been 
mechanistically deciphered.

7.2. Phosphorylation

It has been demonstrated that phosphorylating BRD4 
at the tyrosine 97/98 (Y97/98) site could improve the 
binding of BRD4 to chromatin but decrease binding to 
BET inhibitor, which gives rise to BET inhibitor resistance. 
BRD4 is phosphorylated at Y97/98 by the matrix signal 
IL-6/8 (IL-6/8-JAK2) in colorectal cancer[75]. Further 
experiments showed that BRD4 phosphorylation at 

Y97/98 promotes interaction with STAT3 in the tumor 
microenvironment and promotes the transcriptional 
program through chromatin remodeling and activation 
of carcinogenic enhancers, such as MYC, CXCL1, and 
CXCL2. This study provides insights into a more effective 
cancer treatment that emphasized on the inhibition of IL6/
IL8-JAK2 signaling to reduce phosphorylation of BRD4 
and sensitize the cancer cells to BET inhibitors.

8. BET inhibitors
The BET inhibitor prevents protein-protein interactions 
between acetylated histones and transcription factors by 
binding reversibly to the bromodomains of the BRD2 and 
BRD3 proteins[25,76]. Some noteworthy BET inhibitors are 
listed in Table 1.

9. Conclusion
BRD4 and BET family members are epigenetic readers, 
writers, and erasers, which are implicated in cancer 
development. BRD4 and its BET family protein play 
essential roles in DNA damage repair, NFκB signaling, 
interaction with c-Myc, and transcription regulation 
of essential in cancers, as well as link transcription at 
enhancers and genes to regulate enhancer transcription. 
In addition, post-translational modifications also play 
critical roles in BRD4-mediated tumorigenesis (Figure 5). 
Colocalization of BRD4 to enhancer and promoter-
proximal gene regions enables elongation activation at 
enhancer genes. As BRD4 inactivation could inhibit cancer 
development, BRD4 is now recognized as a promising 
therapeutic target. Meanwhile, by regulating tumor-related 
gene expressions, post-translational modification functions 
of BRD4 contribute to the development of tumors. Apart 
from that, BRD4 inhibition induces chromatin remodeling 
and leads to the regulation of oncogenes responsible 
for tumor progression. To address the BRD4-mediated 
carcinogenesis, small-molecule inhibitors targeting 
functional domains of BRD4 and BET family proteins are 
currently under investigation.
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Table 1. Examples of BET inhibitors

BET inhibitors Functions

JQ1 Inhibition of tumor cell proliferation and 
promotion of tumor cell apoptosis are 
achieved through JQ1 suppressing the 
target genes of BRD4[63,77].

Molibresib (GSK525762) GSK525762 has antitumor activity in 
preclinical models of carcinoma and non-
small cell lung cancer[78,79].

OTX-015 (MK-8628) NSCLC cell lines translocated with or 
without EML4-ALK undergo reduced 
proliferation and are arrested in the cell 
cycle when treated with OTX015[80].

I-BET151(GSK1210151A) BET151 inhibits BET selectively and 
functions similarly to temozolomide. 
I-BET151 decreases cell percentage in  
S/G2 phase and increases cell apoptosis in 
a dose-dependent manner in six myeloma 
cell lines[78].

BI894999 BRD-NUT is rapidly dislodged 
from chromatin following BI894999 
treatment[81].

BET: Bromodomain and extra-terminal

Figure  5. A  summary of bromodomain-containing protein 4 (BRD4) 
functions. BRD4 is involved in DNA repair, transcriptional regulation, 
and post-translational modifications, as well as regulation of cancer 
progression.
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Abstract
Efforts have been made to employ the nuclear magnetic resonance (NMR)-
biochemical correlation concept or a combination of MR imaging (MRI) and MR 
spectroscopy (MRS) as an established diagnostic tool for medical practice in clinical 
settings. Recent reviews and meta-analyses indicate the great possibility of using 
integrated multimodal multiparametric MRI and MRS for deep learning (DL) of soft-
tissue pathophysiology, enabling improved decision-making and disease progression 
monitoring in precision medicine. Recent guidelines and clinical trials suggest the 
need for DL of the biophysical and biochemical nature of the brain, breast, prostate, 
liver, and heart tissue from digital spectromics analysis, along with other molecular 
imaging modalities. The current opinions, based on recent recommendations, 
available literature on evidence-based MR spectromics, clinical trials, and meta-
analyses on high-resolution MRI and MRS suggest that utilizing MRI and MRS signals 
as theranostic biomarkers for various soft tissues can demonstrate NMR-biochemical 
correlation and employ MRI with MRS as adjunct real-time tools, generating robust, 
and fast tissue digital images with metabolic screening. The integration of DL features 
can aid in evaluating patient disease diagnosis and therapy within a clinical setting, 
considering the available medical practices and their limitations.

Keywords: Nuclear magnetic resonance-biochemical correlation; Magnetic resonance 
imaging; Magnetic resonance spectroscopy; Deep learning of disease nature; Clinical 
trials; Magnetic resonance meta-analysis

1. Introduction
The concept of “nuclear magnetic resonance (NMR)-biochemical correlation” was 
proposed by researchers in the 90s as a non-invasive diagnostic monitoring tool[1]. 
Initially, the correlation of longitudinal T1 and transverse T2* with ex vivo NMR and 
in vivo MR spectroscopy (MRS) data, along with serum analytes and tissue histology, 
were integrated as established NMR relaxation-biochemical biomarkers, as shown in 
Figure 1 and Table 1[1,2]. Over years of continued efforts, NMR has shown great potential 
in deep learning (DL) features by integrating multimodal T1-, T2-molecular images, 
2D/3D spectra generating regression, convolutional neural network (CNN) framework, 
trained dataset for decision-making, and measurements of metabolite concentrations at 
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different locations in human tissues for physiological and 
functional metabolic screening with parallel development 
in ultrahigh-resolution NMR imagers[2]. Simultaneously, 

robust automated MRS imaging (MRSI) segmentation 
and registration processing have been routinely used for 
extracting focal lesion features (size, chemical composition, 

Figure 1. Representative nuclear magnetic resonance (NMR) peaks are used in magnetic resonance spectroscopic (MRS) imaging methods and biochemical 
tests by assessing metabolite concentrations in tissue and serum to interpret the disease burden in normal brain, breast, myocardium, prostate, and liver. 
(A-D) are NMR of the brain, heart, muscle, and liver, respectively, and (E-H) are the MRS results of the respective organs. Images are reproduced from a 
dissertation submitted at IIT Delhi in 1995[1].
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and disease-specific metabolism) as trained non-invasive 
MR imaging (MRI) and spectroscopy supervised dataset 
(biosignals), along with tissue-specific neuropsychological 
tests and organ function laboratory tests to define the 
structure and physiochemical or behavioral nature of 
diseased soft tissues such as heart, muscle, kidney, breast, 
prostate, liver, and brain for confirming disease behavior, 
differential diagnosis, and monitoring purposes. The 
author shares his opinion that T1 and T2 relaxation 
constants, MRS peaks, and MRSI-produced NMR spectral 
diagnostic peaks and metabolite maps can be used to 
monitor the metabolite distribution in tissues based on 
spectromics peak ratio, features of peak area at full-width 
half-maximum half, peak relaxivities, peak shape, peak 
cross-connectivity, and peak dynamics[2,3]. Over the years, 
clinicians have routinely used integrated in vivo MR imaging 
and spectroscopy to define quantitative changes in in vivo 
organ anatomy, tissue histology, digital histochemistry, 
perfusion, and metabolism for theranostic physiochemical 
specificity to improve clinical efficacy[4-6]. Due to the time-
consuming data analysis, some research centers have 
adopted DL (integrating extracted and calculated biosignal 
changes as the footprint of specific disease status) data 
processing methods using 3D metabolic peaks/maps to 
reveal metabolite concentration profiles or metabolomics 
as disease-specific fingerprints of focal lesions in human 
heart, muscle, kidney, breast, prostate, liver, and brain 
diseases[2-7]. The disease burden as spatially and temporarily 
averaged metabolite information is measured by 3D- and 
4D-tissue metabolite concentrations distributed in human 
brain tumors, muscle, bone, and glands[8,9]. Despite all, 
low NMR-visible metabolite concentrations in in vivo 
NMR spectra and poor metabolic maps of tissues still 
show limited clinical value in federal guidelines. In this 

case, DL features may enhance the theranostic accuracy in 
disease diagnosis and treatment, moving toward precision 
medicine.

The current perspective article aims to construe the 
interpretation of MRSI and hybrid imaging features in 
physiochemical imaging and spectroscopy as a means 
of “DL” in clinical trials on theranosis in light of meta-
analyses and previous clinical trials, if suitable, for 
precision medicine.

The MRSI signal extracts the metabolic information 
from large areas of spatial MRI maps by optimization 
process to select diseased tissue volume with no external 
artifacts. The chemical shift encoding and readout 
methods generate metabolite signals by suppressing water 
and lipids signals by fat saturation bands [11,12]. Fast Fourier 
transformation and fast pace transform signal processing 
visualize chemical shift data from non-zero gyromagnetic 
ratio nuclei of scarce metabolites, temperature, pH, and 
tissue oxygenation[12]. Now, high-speed localized 2D 
NMR-total correlation spectroscopy, localized-correlation 
spectroscopy (COSY), and high-resolution magic angle 
spinning (HRMAS) acquisition with added second 
spectroscopic dimension can generate greater spectral 
peak discrimination and separated overlapping resonances 
at ultrahigh NMR spectrometers for DL, as shown in 
Figure 2[13].

Using DL, MRI processing, robust MRSI coregistration, 
atlas matching, and tissue segmentation methods 
improve diagnostic sensitivity by detecting a spatial 
transformation of diseased tissue normalized MRSI data 
coordinates relative to normal or control tissue metabolite 
concentrations in the matched region. Atlas matching 
identifies brain regions for analysis of matching MRSI 

Table 1. Established NMR relaxation‑biochemical biomarkers as measured metabolite concentrations in normal brain, heart, 
muscle, and liver tissues

NMR parameters Brain Heart Muscle Liver

T1 774±23 ms 946±30 ms 600±20 ms 448±20 ms

T2 145±81 ms 68±9 ms 65±9 ms 88±7 ms

Metabolite Peaks • NAA 18 mM
• Glx 7.2 mM
• Aspartate 2.3 mM
• Creatine 7.3 mM

• Cholesterol 13.5 mM
• Creatine 24 mM

• Fatty Acids 29 mM
• Phospholipids 26 mM

• Glutamine 36.1 mM
• Aspartate 6.27 mM

Tissue metabolites • Lactate 146.6±8.8 µg%
• Pyruvate 98.8±3.5 µg%
• Acetoacetate 36.6±2.1 µg%

• Cholesterol 175±5.8 mg%
• Triglycerides 106±8.1 mg%
• Lactate 89.4±4.8 µg%

• Triglycerides 30.2±8 mg%
• Phospholipids 139.7±12.4 mg%

• Triglycerides 89.7±4.8 mg%
• Phospholipids 113.8±3.9 mg%

Serum metabolites • Lactate 24.8 µg%
• Pyruvate 95.6 µg%
• SGOT 23.4 IU

• CK‑MB 19.5±2.4 IU
• SGOT 23.4±2.9 IU
• Lactate 24.8±7.9 µg%

• Creatine Kinase 21.1±2.9 IU
• SGPT 13.6±1.4 IU

• SGPT 18.5±1.9 IU
• Alkaline Pase 39.5±7.8 IU
• Bilirubin 1.5±0.2 mg%

Abbreviations: CK‑MB: Creatine kinase‑myocardial band; Glx: Glutamine+glutamate, NAA: N‑acetylaspartate; SGOT: Serum glutamic‑oxaloacetic 
transaminase, SGPT: Serum glutamic‑pyruvic transaminase.
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voxels with a database of normal metabolite values[14]. 
The segmentation delineates the disease-specific tissue 
pixel areas with a change in metabolites using boundary-
based, thresholding, feature plots, subtle points, volume 
rendering, filtering, and interpolation methods[15]. The 

registration permits connected disease-specific pixels 
across tissue slices (coordinates) to extract the disease 
volume based on edge detection and morphometry 
matching validated segmented-out trained data sets of 
disease burden by the observer[16]. In the brain, DL is now 

Figure 2. A flowchart diagram of deep learning for magnetic resonance spectroscopy imaging (MRSI), showing three blocks: (i) filtered low-resolution 
metabolite maps using denoising, painting, and spectrum quality criteria; (ii) interpolation of denoised maps to make super-resolution (SR) maps; and 
(iii) implementing a deep neural network (Unet or GAN) to produce the final SR image. Use of SR images in the last block to run three deep learning 
methods, which are: (i) deep neural network applied to initial MRSI data; (ii) feature nonlocal means (FNLM) with prior magnetic resonance imaging 
(MRI) input applied to results of deep learning method I; and (iii) deep neural network applied to both initial MRSI and prior MRI inputs. The sketch of 
the generator network (Unet) and discriminator GAN network is shown in the bottom-left[19]. Courtesy: Dr Migdadi.
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done by trained operators on selected brain tissue voxels or 
brain regions[17].

2. Clinical disorders and MRSI applications 
toward DL
The MRSI is now used in the clinic to help diagnose, treat, 
and follow cancer and lesion progression in patients. DL 
of MRSI data visualizes metabolite peaks as spectromics 
fingerprints (relaxation constants+metabolite ratio or 
concentrations) from different diseased brain regions, as 
shown in Figures 1 and 2.

2.1. Segmentation, coregistration, validation, and 
feature analysis by artificial intelligence

Artificial intelligence-related entities, such as Kernel 
Null Foley-Sammon transform (KNFST), support 
vector machines, third (PC3) and fourth (PC4) degree 
polynomial, fuzzy c-means (FCM) clustering algorithm, 
K-nearest neighbors, CNN, regression, the pattern of 
the trained segmentation data set, image registration, 
pixel coordinates, delineation, and localized NMR peak 
characteristics, can be used to extract the tissue pathology 
or disease burden or tumor stage using color-coding and 
biophysical signal measurements[18]. However, all these 
methods need optimization or trimming of the input data 
by one or other methods. Thus, the maximum outcome of 
tissue disease burden close to real disease-specific etiology 
or pathology obtained from biopsies can be measured 
by combining artificial intelligence outcomes from 
multimodal signal processing methods.

2.2. Spectromics fingerprints in precision medicine 
by multimodal MRSI with physiological screening

DL by integrating MRI with multiparametric modalities 
answers metabolic spectral distribution. The author 
proposes spectromics fingerprint to define tissue 
metabolite distribution as the fingerprint of disease burden 
by DL. Spectromics is an integration of multiple clinical 
patient data, molecular imaging, and genomics modalities 
toward the “Precision Medicine Initiative,” as shown in 
Table 2. It is a precise interpretation to decide on a patient-
care management plan specific to the individual patients, 
as shown in Figures 2-4.

Now, image analysis by computer-aided diagnosis 
(CAD) using quantitative breast tumor metabolites and 
NMR relaxation constants and MRI image analysis can 
reflect the associations of clinical, pathologic, and genomic 
data (genomic measurements) in tumor phenotypes. For 
example, brain tumors, multiple sclerosis (MS) lesions, 
Alzheimer’s disease, epilepsy episodes, and effective 
cancer theranosis rely on the combined information 
from multiple patient tests, including molecular, clinical, 

imaging, and genomic data, toward patient-specific 
outcomes for precision medicine. Adapting the “Precision 
Medicine Initiative” includes current radiological 
interpretation from “average patient” to interpret the 
precise patient-care management decision specific to an 
individual patient.

3. Examples of MRI- and MRS-based DL
Three examples of breast tumor, glioblastoma (GBM), 
and MS lesions are illustrated toward understanding the 
value of DL as a potential “Precision Medicine Initiative” to 
evaluate disease progression, correlation with a disability, 
prognosis in occult diseases, correlation with fatigue, and 
in vivo theranostic effect of therapies.

3.1. Classification of breast tumors to determine 
reoccurrence and future risk

The breast image analysis using CAD predicts the breast 
lesion characteristics on clinical images. The CAD is useful 
in performing clinical tasks, such as risk assessment, 
detection, screening, diagnosis, theranostic response, 
recurrence, and others, using “virtual digital biopsies,” as 
shown in Figures 4 and 5[18].

The DL of MRSI interpretation explores digital metabolic 
lesion segmentation-based features of lesion volume, 
sphericity, texture and uptake, maximum enhancement 
variance (dynamic contract-enhanced [DCE]), margin 
sharpness on ImageNet and texture analysis T2-weighted 
[T2wt] MRI and apparent diffusion coefficient (diffusion-
weighted imaging [DWI])] with minimum computer data 
processing, as shown in Figures 6 and 7.

The DL feature extraction on CADx tasks minimizes 
extensive computing, as shown in Figure 8.

The artificial intelligence neural network-analyzed CNNs-
based breast image features classify the malignant and 
benign breast tumors using mammography, ultrasound, 
and DCE-MRI methods as visual likelihoods of malignant 
lesions with DL performance, as shown in Figure 9.

3.1.1. Computerized image-based breast cancer 
recurrence risk measurement

Breast cancer risk or density measurement assessed by 
DCE-MRI and mammography screen out high-risk 
women. Cancer-risk spectromic features on DCE-MRI 
are breast metabolite density, parenchyma texture pattern 
on digital mammograms, and background parenchymal 
enhancement (BPE) signal. The MRI-visible breast 
volume-growing algorithm classifies the fibroglandular and 
MRS-visible fat depots. Enhanced breast fibroglandular 
kinetic curves in breast regions categorize the BPE signal 
using FCM clustering. The mammogram images show a 
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Table 2. Clinical trials on NMR‑biochemical correlation (MRI+MRS and other biomarkers) using deep learning

Clinical trial Outcomes of MRS in the clinical trials and reviews References

Sleep apnea Echo‑planar J‑resolved spectroscopic imaging and compressed sensing validation study in obstructive sleep apnea. [20]

Multiple sclerosis Brain MRS of secondary progressive multiple sclerosis: MRSI study [21]

Multiple sclerosis i. Clinical trials and clinical practice in multiple sclerosis.
ii. �High‑field MR imaging and 1H‑MR spectroscopy in multiple sclerosis: diagnostic MR imaging criteria.
iii. �The role of MRS and fMRI in monitoring the treatment of multiple sclerosis: US National MS Society 

guidelines

[22]
[23]
[24]
[25]

Brain tumor Reproducibility of localized 2D correlated MR spectroscopy. [26]

Prostate cancer Standard evaluation system in prostate endorectal MRSI. [27]

SCA2/MSA‑C Proton MRSI in differentiation of SCA2 from MSA‑C [28]

Obesity Effect of low‑fat diets on intramyocellular and hepatocellular lipids: a randomized clinical trial [29]

Brain tumor MRI biomarkers in neuro‑oncology [30]

Prion disease Combined diffusion imaging and MR spectroscopy in human prion diseases [31]

Glioblastoma Impact of MRSI on response assessment: glioblastoma clinical trials. [32]

Neurodegeneration In vivo imaging markers of neurodegeneration in substantia nigra [33]

Glioblastoma The theranostic ability of temozolomide follow‑up MRI+MRS and apparent diffusion coefficient mapping. [34]

Amyotrophic lateral sclerosis Diffusion tensor MRI and MRS in the upper motor neuron in amyotrophic lateral sclerosis. [35]

Non‑Hodgkin’s lymphoma MRS in multi‑center trials and early results in non‑Hodgkin’s lymphoma [36]

Breast cancer i. Hybrid multiparametric MRI‑MRS‑sodium MRI monitoring of breast cancers
ii. �7 Tesla breast proton MRI‑MRS, diffusion‑weighted imaging for intrinsic sensitivity in breast cancer 

patients receiving non‑adjuvant therapy

[37]
[38]

Low back pain In vivo MRS and T1ρ imaging: discography and Oswestry Disability Index questionnaires: SF‑36 Health survey. [39]

Ischemia syndrome MRSI study on woman ischemia: Woman Ischemia syndrome evaluation WISE study [40]

Neurofibromatosis Randomized controlled trial for autism neurofibromatosis type 1 (SANTA) [41]

Aorta coarctation Perfusion imaging of surgical repair of coarctation of aorta study [42]

Brain pH Detecting activity‑evoked pH changes in the human brain [43]

Thalamic GABA GABA levels in depressive disorder [44]

Glioma i. Volumetric and metabolic evolution in diffused intrinsic pontine gliomas.
ii. Use of multiparametric MRI‑FDG PET screening in diffused brain glioma: A prospective phase II study
iii. Dynamic susceptibility‑weighted and spectroscopic MRI monitoring.

[45]
[46]
[47]

Coronary plaque Multi‑modality intra‑coronary plaque characterization: a pilot study. [48]

HIV and dementia An in vivo proton MRS of HIV‑associated dementia and its relationship to age. [49]

Renal disease MRS to predict radiofrequency‑ablated renal tissue: phase 1 trial. [50]

Brain fMRI An evidence based analysis by functional MRI and MRS [51]

Soft‑tissue tumor A prospective study by 31Phosphorus MRS and histology on tumor response after perfusion in soft tumors [52]

Cerebral astrocytoma i. �Short TE multi‑voxel spectroscopy for choline/N‑acetyl aspartate ratio in grading of cerebral astrocytomas
ii. �Chemotherapy monitoring of high‑grade malignant astrocytoma: comparison by 201Thallium SPECT and 

proton MRI/MRS

[53]
[54]

Colorectal liver metastasis Pre‑operative MRS of steatohepatitis in patients with colorectal liver metastasis [55]

Alzheimer’s disease Proton‑MRS of Alzheimer’s disease and Binswanger’s disease [56]

Prostate cancer i. Prostate cancer MRI screening: Göteborg prostate cancer screening 2 trial
ii. Dynamic MRI and choline MRS in prostate cancer: Metabolites versus CAD

[57]
[58]

Bone metastasis 3T‑MR‑HIFU for bone metastases of solid tumors. [59]

Serotonin reuptake syndrome Selective serotonin reuptake inhibitor in rostral anterior cingulate choline metabolite decrease. [60]

Depressive disorder A 31P MRS study on creatine in female adolescents with SSRI‑resistant major depressive disorder [61]

Abbreviations: CAD Computer‑aided diagnosis, FDG‑PET: Fluorodeoxyglucose‑positron emission tomography, fMRI: Functional magnetic 
resonance imaging, HIV: Human immunodeficiency virus, MR: Magnetic resonance, MRI: Magnetic resonance imaging, MRS: Magnetic resonance 
spectroscopy, MRSI: Magnetic resonance spectroscopic imaging, MSA‑C: Multiple system atrophy‑cerebellar subtype, SCA2; Spinocerebellar ataxia 
type 2, SPECT: Single‑photon emission computerized tomography, TE: Echo time, GABA: Gamma‑aminobutyric acid, 3T‑MR‑HIFU: 3T MRI‑guided 
high‑intensity focused ultrasound. 
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texture and metabolite density correlation. Dense breast 
tissues show higher citrate (Cit) and choline (Cho) peak 
enhancement than fatty breast tissues.

3.1.2. Breast tumor MRI phenotyping relative to 
molecular subtyping for diagnosis and prognosis

The spectromics needs extensive data analysis to transform 
the breast 4D DCE-MR images and molecular spectrum 
features into phenotypic descriptors at the breast MRI 
workstation. One spectromic feature represents only 
one clinical task. A  breast biopsy confirms the tumor’s 
pathologic stage after in vivo MRI imaging of breast 

cancer, allowing for further discussion of the treatment 
plan. Recently, the MRSI phenotyping resource the 
cancer genome atlas/the cancer imaging archive 
(TCGA/TCIA) set up by the national cancer institute 
advocates spectromic biomarkers to predict the 
pathological stage and allow quick patient management/
treatment by neoadjuvant chemotherapy and/or radiation 
therapy and surgery[18]. The TCGA/TCIA cancer research 
group established the relationships between computer-
extracted quantitative MRSI spectromics with prognostic 
markers and clinical, molecular, and genomics gene 
expression profiles[18]. The biopsy-proven invasive breast 

Figure 3. An illustration of deep learning (DL). DL extracts digital features using artificial intelligence or computation algorithms to analyze the pathology 
in voxels on images to process the magnetic resonance spectroscopy data with demonstrated results in computer metabolomic datasets, medical images, 
natural language processing, and so forth (upper panels). Applications of deep learning in 2D nuclear magnetic resonance spectroscopy are shown as 
feature space of 27 metabolite-trained datasets derived from the total correlation spectroscopy spectrum of breast cancer tissue. The insets are the selected 
enlarged peaks overlapped in (F2, F1) dimensions (lower panel). https://radiologykey.com/13-future-applications-radiomics-and-deep-learning-on-
breast-mri/.
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cancer tissue cross-checks with DCE-MRI image archive 
and genomic data (Figure  10), predicting the power of 
spectromic MRS features versus pathological stage and 
cancer subtypes.

3.1.3. A physician’s guide

DL characterizes the breast tumors based on MRI radiomics 
for (i) radiologist-measured tumor size, (ii) computer-

extracted quantitative spectromic features or models, 
and (iii) computer-extracted MRI tumor phenotype 
for lymph node damage and pathological stage. Today, 
the estimation of tumor size is the best predictor of the 
pathologic stage. Moreover, the spectromic feature clearly 
predicts the metabolic role in tumor stage I (benign) and II 
(premalignant) versus stage III (malignant). Breast tumor 
receptor status (human epidermal growth factor receptor 2 

Figure 5. A scheme of computer-aided diagnosis (on the left) and deep learning (on the right) shows the approach of quantitative spectromics using 
segmentation features of dynamic contrast-enhanced magnetic resonance spectroscopy of tumors. https://radiologykey.com/13-future-applications-
radiomics-and-deep-learning-on-breast-mri/.

Figure 4. An illustration of multiple-stage spectromics discovery, process, and translation for validation of quantitative imaging features based on the 
discovery of new relationships to other “omics” and translation into clinical predictive models as reference “virtual digital biopsies,” similar to actual 
biopsies to screen and assess therapeutic response. https://radiologykey.com/13-future-applications-radiomics-and-deep-learning-on-breast-mri/.
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[HER2], estrogen receptor [ER], and progesterone receptor 
[PR]) further classifies tumors into subtypes. The profiles 

of breast cancer gene expression categorize tumors into 
molecular subtypes of basal-like, normal-like luminal A, 
luminal B, and HER2-enriched tumors. Different breast 
cancer subtypes have different MRI radiomic features 
serving as prognostic indicators called PR+ versus PR-, 
ER+ versus ER-, HER2+ versus HER2-, and triple-negative 
tumors or cancers. All these respond differently to different 
therapies and are used in DL.

In short, DL information from computer-extracted MRI-
visible soft-tissue tumor features with metabolite phenotypes 
distinguish breast cancer subtypes by quantitative signatures 
to predict prognosis for precision medicine.

3.2. Classification of brain GBM tumors

In GBM tumor cells, cell membrane show increased Cho-
containing phospholipids concentration in proliferating 
cells, while N-acetylaspartate (NAA) compounds in 
neurons diminish in GBM tissue samples after local 
neuronal destruction in the neuronal milieu. The 
neurochemical Cho to NAA Cho/NAA ratio is elevated 
in GBM tumors. The T1-weighted contrast-enhanced 
(T1wt-CE) and fluid-attenuated inversion recovery 
(FLAIR) pulse sequences generate distinct MRI scans. 
The echo-planar MRI pulse sequence with the generalized 

Figure  6. A  case of luminal A estrogen receptor (ER)-positive, 
progesterone receptor-positive, and progesterone receptor (HER2)-
negative tumor stage II (see arrow) with negative lymph nodes shows 
the segmented tumor outline by 4D automatic computer segmentation 
algorithm. Computer analysis of the magnetic resonance spectroscopy 
imaging spectromics measured the tumor size of 13.6  mm with 
spectromics irregularity shape of 0.49 and the spectromics enhancement 
texture energy of 0.00185. https://radiologykey.com/13-future-
applications-radiomics-and-deep-learning-on-breast-mri/.

Figure 7. Schematic diagram illustrates the steps of establishing computer-extracted magnetic resonance spectroscopy imaging-based tumor phenotypes. 
Multiple mathematical descriptors calculate these phenotype features for specific clinical tasks. https://radiologykey.com/13-future-applications-
radiomics-and-deep-learning-on-breast-mri/. 
Abbreviation: DCE-MRI: Dynamic contrast-enhanced magnetic resonance imaging.
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autocalibrating partially parallel acquisition (GRAPPA) 
parallel scans on 3T scanner with 32-channel or 20-channel 
head and neck coil covering 314 MRI pulse sequences 
with GRAPPA parallel scans on Siemens 3T scanner with 
a 32-channel or 20-channel head and neck coil covered a 
voxel size of 314 μL (voxel size μL) over the field of view of 
280 mm × 280 mm × 180 mm, and matrix 50 cubic units 
× 50 cubic units × 18 cubic units, generated resolution of 
4.5 mm × 4.5 mm × 5.6 mm. The T1wt images with 1 mm 
isotropic voxels are converted into coregistered spatial-
spectral spectromic data using MRIAP or MIDAS software. 
All imaging data in the DICOM format are processed by 
MIDAS on a custom-built Brain-Imaging-Collaboration-
Suite platform (BrICS) to coregister all images. The 

abnormal Cho/NAA ratio in a normal-appearing white 
matter (NAWM) voxel versus contralateral NAWM on the 
BrICS platform identifies the contour region showing an 
elevated ratio of Cho/NAA≥2 × normal (Figure 10).

The GBMs brain tumors remain aggressive and hidden 
even after 60 Gy radiation therapy and temozolomide. MRSI 
seems to highlight a high-risk metabolite pattern of GBM 
recurrence; otherwise, it remains non-visible on contrast-
enhanced (CE) MRI. Recently, a randomized phase II 
clinical trial reported the efficacy, safety, and feasibility of 
MRSI-guided escalated radiation therapy (60 Gy  75 Gy) 
to manage newly diagnosed GBMs as shown in Figure 11. 
The outcome of MRSI-guided escalated radiation therapy, 
however, warrants additional testing[62].

Figure 9. The region of interest taken from a malignant (green arrow) and a benign (Red arrow) breast tumor as input show convolution on VGGNet 
Neural Network. The VGG19 model is shown in 5 blocks. Each block has two or more convolution layers and a max-pooling layer. These five blocks have 
three connected layers. From five max-pooling layers, features are extracted as average-pooled across the channel in the third dimension and normalized 
with the L2 norm. Extracted normalized features are shown to generate a convolutional neural network feature vector. https://radiologykey.com/13-future-
applications-radiomics-and-deep-learning-on-breast-mri/.

Figure 8. (A) Image-based extracted phenotypes on digital mammograms of breast parenchyma show the risk of breast cancer reoccurrence[18]. (B) Distinct 
cancer and non-cancer features show the likelihood of malignancy by deep learning. https://radiologykey.com/13-future-applications-radiomics-and-
deep-learning-on-breast-mri/.
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The author presents the value of MRSI in brain cancer 
patients with hypothalamic-chiasmatic gliomas (HCG) 
(GBM multiforme [GBM] and anaplastic astrocytoma), 
low-grade gliomas (LGG) (oligodendrogliomas and 
astrocytomas), and metastatic brain tumors. MRS-visible 
spectromic high ratio of neurochemicals confirms specific 
tumor core and peritumoral edema by elevated Cho/
NAA, Cho/Cr (choline-containing compounds/creatine-
phosphocreatine complex) with low NAA/creatine (Cr) 
ratio. NMR-visible lipids/lactate ratio in the peritumoral 
and tumoral regions combined with high Cho/Cr, Cho/
NAA ratio, and low NAA/Cr ratio discriminate different 
HGG, LGG, gliomas, and metastases[63].

3.3. Classification of MS lesions

Using DL method, accelerated MRI analysis package 
(MRIAP) and automated proton spectroscopic image 
processing (APSIP) postprocessing software provide a 
reproducible and efficient assessment of white matter MS 
lesion volumes, white matter-gray matter-cerebrospinal 
fluid (WM-GM-CSF) composition, and metabolites using 
T1, T2* parametric, and probability maps as spectromic 
fingerprints[64,65]. The author believes that metabolite 
changes of neurochemicals in the MR spectrum as low 
NAA peak (a marker of neuronal and axonal integrity), 
high Cho peak (a marker of cell membrane metabolism), 
and high myo-inositol (MI) peak (a marker of gliosis) 
can be biochemical-NMR fingerprints. A  diminished 
NAA peak represents neuronal/axonal dysfunction or 
loss. The elevated Cho peak represents heightened cell-
membrane turnover during demyelination, remyelination, 
inflammation, or gliosis. Thus, the combination of 
MRI+MRS measures the lesion evolution, correlates the 
disability with a lesion, and assesses occult disease. MRS 

Figure 10. (A) The cancer genome atlas/the cancer imaging archive genomic atlas and imaging scheme illustrates the datasets and lesion features with 
molecular magnetic resonance spectroscopy imaging, clinical, and genomic gene expression markers show the likelihood of new carcinoma re-occurrence. 
Reproduced with permission https://radiologykey.com/13-future-applications-radiomics-and-deep-learning-on-breast-mri/.

Figure  11. (A) A post-operative glioblastoma subject shows nodular 
resection cavity high contrast on T1-weighted contrast-enhanced 
magnetic resonance imaging on the BrICS platform showing normal 
spectromic (Cho/NAA≥2 × normal) data in GTV3 tumor size 19  mL 
(right). Deep learning shows contours in GTV3 after radiation 75  Gy. 
(B) Radiation therapy target volumes at different doses show 30 dose 
fractions (concurrent dose-painted intensity-modulated radiation). 
Illustration Modified from references[18].

B

A

https://doi.org/10.36922/gtm.337


Global Translational Medicine Deep learning by NMR-biochemical

Volume 2 Issue 3 (2023)	 12� https://doi.org/10.36922/gtm.337

establishes a prognosis, correlates with fatigue, and monitors 
the effectiveness of drug therapies[66]. At our laboratory, a 
training model in a semi-supervised KNFST algorithm 
showed an optimized projection matrix, confidence band 
values, and class-wise MS lesion training data projections 
into the null space. Semi-supervised KNFST algorithm 
iteratively selected samples in the learning phase from 
data. The classifier predicted new labels to accepted lesion 
data samples, as shown in Figure 12[64,67].

4. New developments in MRSI multimodal approach 
and limitations

The potentials of 4D localized in vivo NMR image 
spectroscopy, slice selective N MRS, biopsy HRMAS 
spectroscopy, and multimodal, multinuclear, and water-
fat suppression NMR techniques have emerged for better 
tissue contrast with metabolomics on high magnetic fields 
of up to 11.4 tesla in whole human body imagers, as well as 
an ultrahigh resolution at 21- and 36-tesla microimagers. 
The localized tissue metabolism in selected diseased body 
parts or biopsies was studied using modified surface 
coils, multiple contrast media, modified radiofrequency 
pulses with high resolutions, and dynamic gradient fields 
for localized 2D spectral characterization or metabolic 
screening for spectrally resolved metabolomics imaging 
applications[20]. Due to being non-invasive and non-
radioactive, NMR techniques have been proven safe, with 
no biological hazards associated with the current level 
of SAR energy exposures. In the next few years, NMR 
methods will emerge as a safer, cheaper, and cost-effective 
alternative modality compared to other diagnostic or 
therapeutic techniques using ionized radiation.

MRI-digital histochemical correlation is now 
established to exhibit malignancy-associated changes due 
to NMR T1 variations where T1 relaxivities depend on 
visible water contents, proton densities, environments in 
tissue, and pathology[1].

MRI and biochemical correlation initially proposed 
in the nineties[1] has been established in routine clinical 
assessment trials for tissue content chemical analysis, 
in vivo MRS, ex vivo MRS, and relaxivities using artificial 
metabolite solutions and MR database. MRI and 
2D-spectral characterization of small-size metabolites in 
diseased tissues is reported with correlated spectroscopy 
COSY-MRI, nuclear Overhauser effect spectroscopy 
(NOESY)-MRI, and high-pressure liquid chromatography 
(HPLC)-MRI with little success but greater potentials in 
non-invasive molecular details in undefined molecular 
etiology of poorly understood diseases. The final outcome 
depends on significant information and cost-effective 
constraints[20-61].

The implementation of MRS in clinical use has been 
slow and remains unclear due to the high technical 
demands of spectroscopic methods and difficult 
interpretations in the brain. However, MRI with MRS using 
1H and 31P spectroscopic imaging provides information 
on demyelination, neuron loss, glial tissue formation, 
changes in glycogenolysis and lactate accumulation, 
energy metabolism and pH imbalance in brain diseases, 
and inborn errors of metabolism. In the skeletal muscles, 
dynamic 31P MRS is used to detect metabolic disorders, 
while 1H MRI/MRS evaluates muscle degeneration with fat 
accumulation. 31P MRS is inconclusive for liver metabolic 
function, but 1H-MRS/MRI indicates metabolites, mobile 
lipids, and bone marrow characteristics. In the heart, MRSI 
provides in vivo metabolites with global cardiomyopathy. 
The role of MRI/MRS in cancer differential diagnosis 
and treatment is still unclear due to the lack of preclinical 
investigations on physiological and metabolic events on 
NMR spectra and minimal clinical trials.

From the technical point of view, coil sensitivity with 
a higher signal-to-noise ratio is crucial in enhanced 
metabolite quantification.

5. MRSI diagnostic use in clinical trials and 
healthcare: A physician’s guide
The author considers MRS an evidence and fact-finding 
method for following diseases with metabolite indications 
(shown in brackets) collected over three decades: i. focal 
brain tissues for maturating brains in gestation (elevated 
NAA, glutamine + glutamate [Glx] peaks, low Cho, 
taurine [Tau] peaks), recurrent brain tumor distinction 
from radiation-induced necrosis (low NAA, Cr with high 
Cho peaks), assessment of prognosis in hypoxic-ischemic 
encephalopathy (low NAA, low NAA/Cho), grading the 
low-grade and high-grade glioma (change in MI, gamma-
aminobutyric acid [GABA] peaks), and evaluation of 
indeterminate brain lesion to postpone resection/biopsy 
(low NAA, low Cr, high Cho, lactate [Lac] peaks); ii. 
diagnosis and monitoring of metabolic diseases, such as 
cerebral ischemia (high Lac peak), creatine deficiency 
(Cr peak missing), Canavan disease (increased NAA/tCr 
ratio), non-ketotic hyperglycinemia (DWI, DTI [diffusion 
tensor imaging]) and tractography, fractional anisotropy 
[FA], and diffusivity), maple syrup urine disease (edema, 
high Glx, tau, and alanine [Ala] peaks), MS periventricular 
and parahippocampus hypointense lesions (low NAA/
total creatine [tCr] and Cho/tCr ratios), metachromatic 
leukodystrophy (low NAA peak and high NAA in urine), 
Parkinson’s disease substantia nigra (low NAA and 
GABA peaks, high Lac/tCr ratio), Pelizaeus-Merzbacher 
disease (high NAA+NAAG peaks and low Cho peaks), 

https://doi.org/10.36922/gtm.337


Global Translational Medicine Deep learning by NMR-biochemical

Volume 2 Issue 3 (2023)	 13� https://doi.org/10.36922/gtm.337

Figure 12. (A) Segmentation of multiple sclerosis lesions is shown as trained data set with yellow color coding and magnetic resonance spectroscopy 
peaks. (B) The semi-supervised KNFST algorithm procedure is shown to select data samples (on the left panel) and accept the unlabeled data match with 
confidence band conditions until all processed data are predicted (on the right panel). Modified from references[19].
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hypomyelination and congenital cataract (high glucose 
peak, low valine, lysine, and tyrosine peaks), Krabbe disease 
(globoid cell leukodystrophy) (low NAA peak), X-linked 
adrenoleukodystrophy (X-ALD) and cerebral X-linked 
adrenoleukodystrophy (cALD) (low NAA/Cr and Glx/Cr, 
high MI/Cr and Cho/Cr ratio), mitochondrial disorders 
(Kearns-Sayre syndrome, Leigh’s syndrome, mitochondrial 
encephalomyopathy, lactic acidosis, and stroke-like 
episodes [MELAS]) (low Cr peak), Alexander disease 
(ALX, AxD, and demyelinogenic leukodystrophy) (elevated 
Glx/tCr ratios), megalencephalic leukoencephalopathy 
with subcortical cysts (low NAA, low Cr peaks), wasted 
white matter disease (leukoencephalopathy childhood 
ataxia with central hypomyelination [CACH]/vanishing 
white matter [VWM] syndrome) (low NAA peak), and 
neuroborreliosis (low NAA peak, high mI/Cr, Lipid/Cr and 
Cho/Cr ratios, and normal NAA/Cr and Lac/Cr ratios).

While MRI findings are inconclusive in deciding the 
change in treatment, MRS becomes mandatory in disease 
monitoring and evaluation by MRS-based spectromics 
in the following diseases: (i) cancers of breast, prostate, 
colon, esophagus, liver, brain, and bone tissues; (ii) coma 
and cerebrovascular diseases/injuries and disorders; 
(iii) cognitive disorders, movement disorders, and 
dementia (frontotemporal dementia, vascular dementia, 
Alzheimer’s disease with Lewy bodies, motor neuron 
disease, Huntington’s disease (HD), motor neuron disease, 
and Parkinson’s disease/Parkinsonian syndromes); 
(iv) psychiatric disorders (autism disorder, attention-deficit/
hyperactivity disorder, bipolar disorder, schizophrenia, 
emotional dysregulation, depression, and obsessive-
compulsive disorder); (v) MS; (vi) dermatomyositis; 
(vii) hepatic steatosis in liver donor survivors; (viii) central 
nervous system with autoimmune rheumatic diseases; 
(ix)  esophagus squamous cell carcinoma; (x)  mesial 
temporal sclerosis; (xi) primary central nervous system 
(CNS) lymphoma lesions; (xii) epilepsy juvenile myoclonic 
epilepsy, mesial lobe epilepsy, and temporal lobe 
epilepsy; (xiii) hepatic encephalopathy; (xiv)  migraine 
pathophysiology; (xv)  head trauma; (xvi) low back 
pain; (xvii) hepatic carcinoma; (xviii) liver cirrhosis; 
(xix) Lyme neuroborreliosis; (xx) mucopolysaccharidosis; 
(xxi)  radiation encephalopathy; (xxii) polymyositis; 
(xxiii) sport injuries; (xxiv) substance abuse disorders; and 
(xxv) brain trauma injury.

All these diseases need evidence of MRS metabolite 
specificity and accuracy, as reported in recent years and 
summarized below.

Now, MRS is an established as non-invasive analytical 
technique to study metabolite changes in depression, 
Alzheimer’s disease, stroke, seizures, brain tumors, and 

other diseases affecting the brain. MRS also examines 
the metabolism of other human organs. The role of MRS 
in medical diagnosis and therapeutic planning is not yet 
established for clinical trials or clinical practice. Now, 
advanced techniques of high-resolution MRI and MRSI 
favor routine clinical practice with the following evidence 
in the literature. Still, MRI with MRSI use remains 
inconclusive as per new guidelines.
i.	 At Massachusetts, Tuft’s Agency on Healthcare 

Research and Quality (AHRQ) indicated concern 
about diagnostic thinking and therapeutic decision-
making in light of the paucity of high-quality evidence. 
Still, MRS spectra interpretation is not standardized. 
MRS technical feasibility, study plan flaws of 
inadequate sample size, retrospective design, and 
other limitations bias the results and decision-making. 
A review of MRS of brain tumors by Blue Cross Blue 
Shield Association Technology Evaluation Center 
(2003) indicated that weak evidence is insufficient to 
draw conclusions on MRSI use on health outcomes[67]. 
Centers for Medicare and Medicaid Services (CMS) 
has concluded that there is insufficient support to 
deem MRS reasonable and necessary for diagnosing 
brain lesions. As a result, CMS maintained its decision 
of the non-coverage of MRS-based diagnosis of brain 
lesions on the national scale[67].

ii.	 Patients with neuroborreliosis disease showed non-
specific MRS changes in assessing central nervous 
system tissue damage. In 1H-MRS, a point-resolved 
spectroscopic sequence (PRESS) was used by placing 
an 8 cm3 voxel box on the NAWM region of the frontal 
lobe[68].

iii.	 The 1H-MRS was described for epilepsy surgery as 
a research tool with a correlation of ipsilateral MRS 
abnormality as a good outcome. However, prospective 
studies on both localized and non-localized ictal 
scalp electroencephalopathy in MRI-negative patients 
need validation. Furthermore, 1H-MRS is an adjunct 
to MRI characterization of brain tumors to convince 
policymakers[69].

iv.	 Male fragile X syndrome (FRAX) patients are at 
risk of significant cognitive and behavioral deficits, 
specifically those that impact executive prefrontal 
systems. The cholinergic system damage secondary 
to FRAX mental retardation shows protein deficiency 
and contributes to cognitive behavior impairments. 
The 1H-MRS showed a low choline/Cr ratio in the right 
dorsolateral prefrontal cortex in male FRAX versus 
controls, with a negative correlation to intelligence 
and age in the left cortex. The donepezil improved 
cognitive-behavioral function[70]. The author believes 
that biochemical-MRI neuroimaging approach has 
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the potential to design treatment for FRAX and 
other genetic disorders based on neurometabolite 
intervention for treatment efficacy.

v.	 Proton endorectal MRI with 1H-MRSI of prostate 
cancer lesions showed a high Gleason score toward 
an increased (Cho+Cr)/Cit ratio and large tumor 
volume. For detecting prostate cancer, proton-MRS-
visible Cit peak and citrate concentration in semen 
or prostatic secretions showed better results over 
prostate-specific antigen testing[71]. The 3D chemical-
shift imaging (CSI) spin-echo sequence with MRS of 
biopsy from proven prostate carcinoma was used for 
DL, along with tumor volume and voxels per slice 
counts. The MRS differentiated marginally T2 and 
T3 tumor stages. MRI with MRS slightly improved 
the tumor staging with no advantage in diagnosis and 
tumor staging over MRI alone[72].

vi.	 MRS is a technique for diagnosis and monitoring 
cancer of the prostate, colon, breast, cervix, pancreas, 
and esophagus organs. The 3D MRS has emerged 
as a new and sensitive tool in metabolic evaluation, 
specifically for assessing the loss of Cit and elevated 
ratio of Cho/Cit of prostate cancer[73]. American 
College of Radiology Imaging Network (ACRIN) 
considers MRSI a routine diagnostic technique. MRS 
has high diagnostic accuracy. However, randomized 
controlled large-scale trial studies are needed[73].

vii.	 Mucopolysaccharidosis (MPS) patients show a 
poor correlation between enzyme levels, urine 
mucopolysaccharides (GAG), and neuroimaging 
findings. The semi-automated and automated 
segmentation techniques analyzed the T2-FLAIR 
brain images for several MRI variables of normalized 
cerebral volume (NCV), normalized cerebrospinal 
fluid volume (NCSFV), normalized ventricular 
volume (NVV), and normalized lesion load (NLL). 
The point-resolved MRS annotation positioned at 
white and gray matter showed a positive correlation to 
age, enzyme levels, urinary GAG, and neuroimaging. 
However, metabolite ratios by MRS, MRI-visible NCV, 
NCSFV, NVV, and enzyme activity or GAG levels 
were poorly correlated to disease duration or the age 
of patients. Patients with MPS II showed aggressive 
white matter lesion increases that remain non-visible 
by MRI and MRS findings, which neither correlated to 
enzymatic nor glycosaminoglycan levels[74]. The MRI 
protocol of a sagittal T1-weighted 3D fast low-angle 
shot (3D FLASH) sequence and transverse T2-  and 
spin-density-weighted turbo spin-echo sequences 
with 1H-MR 2D CSI sequence at short and long 
echo time (TE) MRSI images showed low Cho/Cr, 
NAA/Cr ratios in multiple system atrophy-cerebellar 

subtypes (MSA-C) and spinocerebellar ataxia type  2 
(SCA2) with no difference from normal controls. The 
cerebellar lactate peak in SCA-2 patients was distinct 
due to cerebellar degeneration, while no Lac peak was 
evident in MSA-C or control subjects[75].

viii.	The 3T MRI with 1H-MRSI measured the increased 
Cho, Lac, and NAA/tCr ratio and decreased NAA and 
choline/NAA ratio at peritumoral tissues in GBM to 
assess the post-resection response in the contralateral 
brain at 3 – 5  weeks of post-Gliadel therapy and 
surgery plan before radiation therapy[76]. The 1H-MRSI 
localizes different regions showing heterogeneous 
responses after being given Gliadel treatment. The 
author suggests that MRS metabolic indicators can 
monitor pre-surgery and postsurgery resection after 
Gliadel implantation to assess the tumor regression 
and gauze the chemotherapy efficacy.

ix.	 Clinical MRS in MS showed metabolic changes at 
MS lesion sites, and multi-centered clinical trials 
of MS incorporated MRS into their MRI imaging 
diffusion tensor DTI protocols to quantify the 
effect of therapeutic intervention on MS tissue 
damage[77,78].

x.	 Biomarkers of disc degeneration and discogenic back 
pain are not available. In frozen discectomy disc samples, 
quantitative ex vivo 1H HRMAS MRS measured low 
proteoglycan/collagen and proteoglycan/lactate 
ratios and high lactate/collagen ratio as biochemical 
markers associated with discogenic back pain versus 
scoliosis conditions. Several MRS-visible metabolites, 
such as proteoglycan, collagen, and lactate, may serve 
as metabolic markers of disc degeneration-associated 
back pain[79].

xi.	 MRS-visible biomarkers distinguished the painful discs 
(PD) and quantified the severity of disc degeneration 
to predict the surgical outcomes in chronic low back 
pain (CLBP) patients. MRS showed disc proteins 
(proteoglycan and collagen) and acidic metabolites 
(lactate, alanine, propionate) as pain MRS biomarkers 
in CLBP versus PD Pfirrmann grade or ratios of acidity 
metabolites to proteins. MRS correlation with PD may 
improve surgical outcomes in CLBP patients. In vivo 
MRS may define mechanisms of pain metabolites to 
design therapies[80,81]. The author believes that MRS-
derived pain analysis is the first-line method.

xii.	 American College of Radiology (ACR) Guidelines on 
bone tumor musculoskeletal imaging indicate that 
MRS may differentiate benign and malignant lesions. 
Still, more efforts are needed[82].

xiii.	 With ultrahigh MRS availability and access, MRS is a 
clinical tool in the oncologic management of patients[83]. 
MRS is still an experimental investigation tool in 
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suspected breast cancer due to limited peer-reviewed 
clinical literature on cancer MRS use in theranosis.

The diagnostic value of 1H-MRS in cancer is based 
on the detection of elevated choline levels as a marker of 
active tumors. The 1H-MRS with breast MRI improves the 
specificity to distinguish benign from malignant lesions 
and monitors to predict the neoadjuvant chemotherapy 
response to treat patients. Integrating MRI with 1H-MRS 
evaluation cuts down the need for multiple benign biopsies, 
and MRS may predict response within 24 h after the first 
dose of neoadjuvant chemotherapy given[84].

The non-invasive in vivo 1H-MRS differentiated the 
benign and malignant breast lesions as different increased 
levels of choline (Cho) compounds and increased Cho 
metabolism in breast pre-cancer cells showing infiltrating 
ductal carcinoma, infiltrating medullary, mucinous, and 
lobular adenoid cystic carcinoma as active lesions by 
1H-MRS. However, 1H-MRS showed no change or normal 
metabolites in benign breast lesions, including cysts, 
galactoceles, ductal carcinoma, papilloma, fibroadenoma, 
fibrocystic changes, tubular adenoma, and phyllodes 
tumors[85]. The author suggests stronger ultrahigh field 
MR imagers with advanced coils will increase the 1H-MRS 
sensitivity. Ultrahigh field 1H-MRS will detect the smallest 
malignant lesions to characterize the malignant lesions into 
non-invasive or invasive disease progression monitoring.

The clinical evidence is insufficient for MRS in the 
evaluation of leukoencephalopathy and childhood white 
matter diseases because both disorders show similar MRI 
signal intensity changes despite different pathologies. 
The 1H-MRSI distinguished three conditions of white 
matter rarefaction, hypomyelination, and demyelination. 
Neurochemicals from six white matter rarefaction and 
intra-intervoxel (relative to gray matter) neurochemical 
ratios showed significant pathophysiological differences 
in high Cho/NAA, Cho/Cr, and low NAA/Cr ratios. 
These measurements serve as accurate linear discriminant 
parameters for classifying hypomyelinating conditions[86]. 
Combined MRI/MRS explored risk profiles in prostate 
cancer and can be a promising cost-effective screening test 
for low-risk patients[87].

In a prospective, multicenter trial on patients 
undergoing radical prostatectomy and visualized with 
endorectal 1.5 tesla MRI and MRS reported an accurate 
sextant localization of peripheral zone (PZ) in prostate 
cancer tissue matched with biopsy-confirmed prostate 
adenocarcinoma to schedule the removal of prostate or 
radical prostatectomy[88]. T1-weighted, T2wt, and 1.5 tesla 
MRS with pelvic-phased array coil in combination with an 
endorectal coil improved the diagnostic accuracy of MRI-
MRS over MRI alone.

xiii. The 19F MRS used SR4554 (fluorinated 
2-nitroimidazole) as a hypoxia intra-tumoral marker in 
the phase I trial. The 1H/19F surface coils and localized 
19F MRS acquisition spectra showed different signals in 
post-SR4554 infusion (MRS no.1) after 16 h (MRS no. 2) 
and 20  h (MRS no.  3) in both unlocalized and localized 
MRS indicating different grades of hypoxia[89].

6. Clinical trial reports on MRSI in the years 
2010 – 2022
The present consensus on clinical MRS acceptance was 
focused on new guidelines and meta-analyses. MRI 
generates an image, while MRS generates a graph or peak 
“spectrum” array of metabolite types to quantify them 
in the brain or other organs. The present consensus on 
MRS metabolite interpretation is in favor of theranosis 
and treatment planning in neurological and other human 
diseases. Documented meta-analysis and review studies 
in recent years (2010 – 2022) recommend the need for 
investigative and reproducible multicentric cost-effective 
clinical trials on large patient numbers with diagnostic 
accuracy and validation before clinical practice. Still, MRS 
evaluation in primary brain tumors or metastases remains 
investigational/experimental due to the lack of peer-
reviewed clinical literature on the effectiveness of MRS.

The Food and Drug Administration (FDA) granted 510 
(k) clearance to prescribe MRS to cancer patients. However, 
MRI and MRS use different postprocessing software to 
acquire data, integrate, and manipulate the spectroscopic 
image signal.

6.1. Malignancy and tumors in human

6.1.1. The clinical evidence is inconclusive on the MRS 
of prostate cancer

MRS offers prostate gland choline and citrate metabolic 
information as prognostic information that is useful for 
treatment planning. Combined proton MRSI with T2wt 
MRI to T2wt MRI improves tumor localization, volume 
estimation, tumor staging, tissue characterization, and 
identification of recurrent disease after therapy. The 
American College of Radiology Imaging Network showed 
that the combined 1H-MRSI and T2wt MR images do not 
improve tumor detection in patients with low-grade, low-
volume diseases selected to undergo radical prostatectomy. 
Thus positive 1H-MRSI reflects only higher tumor grade and/
or volume. In a retrospective trial, MRI and MRS predicted 
the normal prostate or suggestive of progressive prostate 
cancer malignancy risk of the Gleason score and subsequent 
biopsy. MRSI did not predict cancer progression[89].

A retrospective MRSI study with T2wt MRI images 
showed recurrent prostate cancer after androgen therapy 

https://doi.org/10.36922/gtm.337


Global Translational Medicine Deep learning by NMR-biochemical

Volume 2 Issue 3 (2023)	 17� https://doi.org/10.36922/gtm.337

and definite external beam radiation therapy. AZ analysis 
of T2wt MRI+MRSI improved the diagnostic accuracy and 
detection of locally recurrent prostate cancer[90].

The MRS-guided radiation administration of higher 
dose delivery is precise to treat metabolically active prostate 
tumor areas. MRS-compatible implants are available to 
deliver high radiation doses in metabolically active regions 
of tumors.

The diagnostic accuracy of MRS, DCE-MRI, and 
DWI localizes malignancy and prostate abnormalities 
in negative prostate biopsies. Multiparametric T2wt 
MRI+MRS, transrectal ultrasound-guided biopsy T2wt 
MRI, with DCE/DW-MRI images, and histopathological 
assessment of prostate biopsy tissue showed high 
sensitivity and specificity of MRS than T2wt MRI to detect 
moderate or high-risk cancer[91]. A  few multi-parametric 
MRS, DCE-MRI/DW-MRI imaging approaches with 
MR-guided biopsy, and extended 14-core ultrasound-
guided biopsy showed better diagnostic accuracy against 
a reference biopsy obtained by histopathology biopsy, 
template biopsy, or prostatectomy specimens. MRS is 
useful in the differential diagnosis of dermatomyositis and 
polymyositis.

6.1.2. The clinical evidence is inconclusive on the MRS 
of CNS cancer

The National Comprehensive Cancer Network (NCCN, 
2016) gave guidelines on CNS cancer imaging. The 
MRS examination may be useful to differentiate 
anaplastic gliomas from radiation-induced necrosis or 
“pseudoprogression.” The MRS marginally differentiated 
the glioma recurrence from radiation necrosis. The MRS 
data statistics in glioma showed elevated Cho/Cr, Cho/
NAA ratio in favor of high sensitivity, specificity, areas 
under receiver operative curves for heterogeneity test, 
and threshold effect test as moderate diagnostic value 
to distinguish radiation-induced necrosis from glioma 
recurrence[92].

Furthermore, MR perfusion and MRS successfully 
distinguished the primary brain tumors, radiation-induced 
necrosis, and brain metastasis in patients by analyzing 
cerebral blood volume (rCBV), the ratios of Cho/tCr, Cho/
NAA, and conducting a chi-square-based heterogeneity 
test using Cochran’s Q statistics. Among 12 patients with 
tumor recurrence, elevated Cho/NAA and Cho/Cr ratios 
were observed. Furthermore, MR perfusion and MRS 
successfully distinguished the primary brain tumors, 
radiation-induced necrosis, and brain metastasis in patients 
by analyzing cerebral blood volume (rCBV), the ratios of 
Cho/tCr, Cho/NAA, and conducting a chi-square-based 
heterogeneity test using Cochran’s Q statistics. Among 

12  patients with tumor recurrence, elevated Cho/NAA 
and Cho/Cr ratios were observed[93]. The MRS method 
shows the accuracy of assessing metabolites and rCBV in 
primary brain tumors or metastases and recurrent necrotic 
tumors in patients. The author suggests that the MRS with 
MRI technique will improve diagnostic accuracy using 
multimodal multicenter trials in the future.

In vivo single-voxel 1H-MRS showed brain metabolite 
differences as low NAA in putamen due to loss of neuronal 
integrity in early HD and pre-HD against controls; high 
glial myo-inositol cell marker in pre-HD and early-HD 
against controls with Unified Huntington’s Disease Rating 
Scale (UHDRS) motor score, tongue pressure task, and 
disease burden score as neuropsychological biomarkers of 
HD onset and progression to establish an association with 
motor performance in TRACK-HD study[94]. The lower 
putaminal tNAA and high MI in early HD compared 
to controls established putamen MRS as HD onset and 
progression biomarker in a cross-section of subjects.

The role of MRS is wide in the classification of human 
brain tumors, the distinction of tumors versus non-
neoplastic lesions, prediction of survival, treatment 
planning, and monitoring of post-therapy effects in tumor 
diagnosis and treatment response[95].

6.1.3. Non-invasive in vivo 1H-MRS in breast cancer

Breast proton 3T MRS differentiated the benign tumors 
from malignant lesions by 1D single-voxel spatially 
resolved MRS high choline peak high sensitivity and 
variable specificity. Details are given in Section 3.1.

MRS with breast MRI enhances the cancer diagnostic 
accuracy to avoid repeat benign biopsies. MRS clearly 
visualizes the choline peaks in the evaluation of suspicious 
non-cancer mass otherwise non-visible on breast MRI. MRS 
still remains an investigational tool due to ethical concerns, 
but it monitors the outcome and response of therapy.

6.1.4. Non-invasive in vivo 31-phosphorous (31P)-MRS 
in myocardium

MRS showed the metabolic state and biochemical score 
of the myocardial molecular imaging in ischemic heart 
disease and valvular disease to assess the effectiveness 
of metabolic modulating agents. Limited research, low 
temporal and spatial resolution, poor reproducibility, and 
longer data collection time are the major bottlenecks[96]. 
The author believes that MRS will be a multi-modal non-
invasive cardiac assessment in the future.

6.2. Neurophysiological diseases

Neuro-metabolic changes in glucose metabolism, ionic 
shifts, the release of neurotransmitters, altered cerebral 
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blood flow, and impaired axonal functions are associated 
with concussion and neuronal depolarization. 1H-MRS, or 
MRS, measures brain metabolites and physiologic changes 
after sport-related concussions. MRS-visible neurochemicals 
monitor the altered neurophysiology and recovery of post-
concussive symptoms or injury returning to normative 
levels in adult athletes[97]. The author suggests that large 
cross-sectional, prospective, and longitudinal studies will 
establish the high sensitivity and prognostic value of MRS 
in concussion. The American Medical Society for Sports 
Medicine advocated the use of MRS in concussion in sports 
as a research tool, not a management tool[98].

The “Current Lyme disease” and “Nervous system Lyme 
disease” guidelines mentioned the MRS as a diagnostic 
tool, not as a management tool[99].

The MRS studies showed high specificity and sensitivity 
in children at short TE-chemical shift imaging of brain 
tumors[100].

The American College of Radiology’s Appropriateness 
Criteria of dementia and movement disorders favor the use 
of fMRI and MRS in neurodegenerative disorders but not 
for routine clinical practice[101]. Moreover, positron emission 
tomography (PET), single-photon emission computerized 
tomography (SPECT), fMRI, DTI, and MRS may visualize 
head trauma injury occult in children by standard imaging 
but are insufficient in routine clinical use. In young children 
with attention-deficit/hyperactivity disorder (ADHD), 
autism spectrum disorders, emotional dysregulation, and 
schizophrenia, 1H-MRS showed increased glutamine/
glutamate, related metabolites in the anterior cingulate 
cortex (ACC), and other regions. In major depression, 
bipolar disorders, and obsessive-compulsive disorder 
children, 1H-MRS showed low glutamine/glutamate. 
Limited evidence showed a normal GLx level after treatment 
of bipolar disorder and ADHD diseases to indicate the 
mechanism of glutamate dysregulation in these disorders[102].

6.3. Amyloid pathology in Alzheimer’s disease
1H-MRS showed low NAA and low NAA/Cr ratio in 
posterior cingulate and bilateral left/right hippocampus 
regions and high MI/Cr ratio in posterior cingulate and 
gray matter in Alzheimer’s disease patients[103]. The author 
suggests that NAA/Cr ratio, NAA, and MI are indicators of 
brain dysfunction, while MI/NAA and Cho/Cr ratios are 
diagnostic indicators in Alzheimer’s disease subjects.

The amyloid pathology and proton MRS metabolites 
in non-dementia individuals show cognitive decline as 
changes +2.9%/year of MI/tCr ratio and −3.6%/year of 
NAA/MI ratio in mild cognitive impairment β-amyloid 
(Aβ+) patients; −0.05%/y mI/Cr and +1.2/y NAA/mI ratio 
in Aβ- patients, and the changes were associated with Mini-

Mental State Examination (MMSE), APOE4, age, and sex. 
Low NAA/MI indicated low cognitive capacity in Aβ+ 
patients with a high NAA/MI baseline. The longitudinal 
changes in mI/Cr and NAA/mI ratios classified the amyloid 
pathology types due to dementia[104]. In Aβ+ individuals, 
NAA/mI ratio predicts a declining rate of cognition in 
the future. Now, a PET scan indicates the amyloid and tau 
deposition to screen dementia and monitors the disease 
progression to evaluate molecular pathology in vivo using 
MRS/PET in a clinical setting. The author suggests using 
multimodal large-scale hybrid MRS-PET clinical trials to 
measure metabolites and early β-amyloid and tau protein 
changes in a single MRI+MRS session in Alzheimer’s disease 
and shows the increased MI/Cr ratio with longitudinal 
decline in NAA/mI ratio to track pre-dementia Alzheimer’s 
disease progression in clinical trials.

6.4. Radiation encephalopathy

The proton MRS measured the varied metabolite 
concentrations of NAA/tCr ratio, Cho/Cho ratio, NAA, 
Cho, and Cr in healthy control and post-radiotherapy 
encephalopathy subjects. MRS evaluation is feasible to 
evaluate radiation therapy-induced encephalopathy in 
nasopharyngeal carcinoma. The author suggests precise 
subgroup analysis includes variables such as disease stage, 
age, and sex[105].

6.5. Theranosis of hepatic encephalopathy

MRSI visualized the altered imaging features showing 
stratification, the severity of the hepatic encephalopathy 
in non-hepatic encephalopathy (HE) cirrhosis, minimal 
HE, and overt HE patients by monitoring high glutamine/
glutamate ratio, high choline, and high MI peaks in parietal 
lobe by Metafor v3.4.1 software analysis in brain regions. 
These MRI+MRS features showed a correlation with high 
homogeneity and HE grade in all brain regions. However, 
evaluation can be biased by HE assessment cutoff, sample 
size, the method used, and geographic variation. In 
parallel, overt HE severity and classification vary by West 
Haven grades[106].

6.6. Evaluation of liver steatosis in liver donors

A meta-analysis of hepatosteatosis using MRI+MRS in 
living liver donors showed high specificity and sensitivity 
of hepatosteatosis to avoid liver biopsy[107]. However, the 
use of MRS had several drawbacks: (i) moderate inter-
study clinical or statistical heterogeneity due to diagnostic 
threshold variability study methodology; (ii)  MRI 
and MRS suffer from selection and recall biases with 
higher sensitivity and specificity or may over-estimate 
in retrospective studies; and (iii) sample size, sex ratio, 
and mean age factors need meta-regression with these 
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parameters and demand large data and uniform thresholds 
of substantial hepatosteatosis limits.

6.7. Monitoring hepatocellular carcinoma and liver 
cirrhosis development
1H-MRI+MRS predicted the probability by high Cho, lipid 
(Lip) contents, and Cho/Lip ratio on LCModel software to 
assess the magnitude of hepatocellular carcinoma (HCC) 
with secondary chronic hepatitis B and cirrhosis[108]. The 
author suggests that 1H-MRS-visible hepatic metabolite 
levels may monitor both HCC and liver cirrhosis 
development, but more validation studies are needed.

6.8. Low back pain

In vivo MRS in low back pain subjects showed: (i) low 
NAA concentration in the right primary motor cortex, left 
anterior insula, left somatosensory cortex (SSC), anterior 
cingulate cortex (ACC), and dorsolateral prefrontal cortex 
(DLPFC) regions; (ii) low glutamate in ACC; (iii) low MI in 
ACC and thalamus; (iv) high choline in the right SSC; and 
(v) high glucose in the DLPFC locations[109]. Biochemical 
alteration in low back pain-brain MRS profile correlates 
with possible therapy response and the physiochemical 
functions of brain metabolites and pain receptors. The 
author notices concerns about the few subjects selected, 
confounding factors, medication effects, and unclear 
biochemical basis of pain-specific metabolite changes.

6.9. Juvenile myoclonic epilepsy
1H-MRS showed distinct low NAA and NAA/Cr ratio, a rise 
in Glx/Cr ratio in the insula and striatum to indicate juvenile 
myoclonic epilepsy (JME) as multi-region, thalamo-frontal 
network epilepsy (not idiopathic general epilepsy)[110]. The 
frontal cortex and thalamo-cortical pathways indicated low 
NAA and low NAA/Cr ratio in the frontal region of JME 
related to memory and visual attention Stroop test; low 
NAA/Cr ratio in thalamic linguistic and memory regional 
Wisconsin card sorting test. Unaltered Glx, Glx/tCr ratio, 
Cho compounds, and Cho/tCr ratio in frontal and thalamic 
regions were associated with epileptic cortical functions, 
neuropsychological cognitive tests as visuospatial executive 
functions, linguistic, memory, and visual attention[111]. The 
MRS may show subclinical cognitive changes. The author 
suggests the need for validation studies.

6.10. Primary focal CNS lymphoma lesions

A hybrid approach of MRS with SPECT and PET 
distinguished the CNS lymphoma from the human 
immunodeficiency virus (HIV)[112]. MR perfusion, 
MRI APC ratio, and regional cerebral blood volume 
characteristics distinguish lymphoma from HIV-infected 
patients. The author suggests more clinical investigations 

to establish the diagnostic accuracy of hybrid MRI 
approaches.

6.11. Migraine pathophysiology and identification 
of neuromarkers in migraine

The 1H-MRS studies suggested many inter-ictal 
abnormalities in migraine patients with persistent 
altered mitochondrial energy loss, neuronal excitability 
indicated by high excitatory glutamate, high inhibitory 
GABA neurotransmitter peaks, low NAA levels due 
to mitochondrial dysfunction, and abnormal energy 
metabolism toward excitatory stimulation or migraine 
attack triggers[113]. MRS can be a valuable non-invasive 
method to determine migraine attacks, correlate severity, 
and monitor medication efficacy.

6.12. Adrenoleukodystrophy

Status epilepticus or childhood cALD shows abrupt 
pathogenic ABCD1 mutation or transiently altered mental 
status neurodegeneration in autism with fever, diarrhea, 
seizures, coma, gross motor loss, fine motor loss, and 
poor speech skills. Serial brain MRI/MRS showed elevated 
lactate peak and CSF protein levels associated with 
diffused progressive cortex swelling, laminar necrosis, 
and restricted diffusion indicative of mitochondrial, 
lysosomal, and peroxisomal disorders. Moreover, MRS 
showed elevated very-long-chain fatty acids, lactate peaks, 
and high CSF proteins. The acute decline in neurologic 
functions with elevated CSF proteins and lactate and acute 
decline in neurologic NAA/Cr functions by MRS indicates 
MRI non-visible white matter abnormalities to predict 
disease progression[114].

6.13. Hypoxic-ischemic encephalopathy

Proton MRI with MRS showed elevated Lac/NAA ratio 
in posterior white matter areas and deep gray nuclei of 
putamen and thalamus areas as prognostic indicators 
for brain hypoxic-ischemic injury underlying neonatal 
hypoxic-ischemic encephalopathy (HIE)[115]. Proton 
MRS (1H-MRS) showed high NAA/tCr in basal ganglia/
thalamus(BG/T), high NAA/Cho in basal ganglia/
thalamus (BG/T), and high Myo-inositol/choline in the 
cerebral cortex as a prognostic marker of therapeutic 
hypothermia (TH) with adverse outcomes of white 
matter and gray matter NAA in prediction for all HIE 
subjects. The author suggests the need for prospective 
multi-center studies by standardized protocol and 
analysis methods[116].

6.14. Traumatic brain injury

The single-voxel 1H-MRS showed an altered ratio of NAA/
Cr+phosphocreatine (PCr), NAA+N-acetylaspartylglutamate 
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(NAAG)/Cr+PCr relative to creatine neurometabolites in 
complicated and uncomplicated traumatic brain injury 
(TBI) patients. The NAA peaks and NAA values were lower 
in complicated and uncomplicated TBI groups compared 
to the control group. Neurometabolite alterations indicated 
the onset of both complicated and uncomplicated TBI with 
injury severity in mild TBI[117]. Furthermore, MRS is not a 
biomarker option in the management of TBI.

Mild TBI is a risk factor for dementia. The in vivo MRS 
detected low NAA, high glutamate, low choline, and 
variable Cr in frontal lobe brain white matter as membrane 
high turnover changes after a negative routine CCT/
MRI scan of frontal lobe acute or subacute mild TBI 
within 3 months[118]. MRS correlated post-traumatic brain 
metabolism with cognitive dysfunction to detect mTBI 
patients at risk of post-traumatic neurodegeneration early. 
However, the author suggests follow-up studies are needed 
to correlate MRS with cognitive outcomes using different 
modified MRI sequences, high-field strength, accurate 
voxel placements, voxel sizes, and reasonable Cramér-Rao 
lower-bounds cutoffs.

6.15. Evaluation of prognostic consciousness 
recovery in wakefulness syndrome individuals

Multi-voxel MRS of the frontal cortex, temporal cortex, 
brain stem, fornix, internal capsule, thalamus, globus 
pallidus, and putamen regions in patients with vegetative 
state/unresponsive wakefulness syndrome (VS/UWS) 
showed low NAA/Cr ratio in the temporal cortex, capsula 
interna, and thalamus, while higher NAA/Cr ratio in these 
structures is indicative of recovery of consciousness[119]. 
The low NAA/Cr and NAA/(NAA+Ch+Cr) ratios in mid-
brain regions were associated with hypoxia in patients. The 
MRS accurately predicted recovery of consciousness from 
hypoxic brain damage in unconscious VS/UWS patients 
with TBI to the level of emergence of a minimal conscious 
state (EMCS).

6.16. Substance use disorders
1H-MRS is used to evaluate the effect of narcotic 
substances such as methamphetamine, alcohol, 
3,4-methylenedioxymethamphetamine (MDMA), nicotine, 
marijuana, cocaine, opiate, and opioid in after-use disorders. 
A decrease in NAA and Cho levels in brain regions was a 
common feature in defining the substance-specific effect 
of the above-said substance use. The author recommends 
more MRS clinical trials to monitor novel substance abuse 
treatment. The 1H-MRS showed low NAA and low Cho 
levels in the brain indicating altered neurometabolites in 
addicts on MDMA, cocaine, alcohol, methamphetamine, 
opiates/opioids, nicotine, and marijuana[120].

6.17. CNS system with rheumatic autoimmune 
diseases

Proton MRS measures neuronal loss or CNS damage with 
autoimmune rheumatic diseases. An MRS study reviewed 
vasculitis, Behcet’s disease, Sjogren’s syndrome, psoriasis, 
rheumatoid arthritis, juvenile idiopathic arthritis, 
systemic sclerosis, and systemic lupus erythematosus from 
November 2003 to December 2019[121]. Low NAA/Cr and 
high Cho/Cr ratios in different regions of the above brain 
diseases showed an association with various CNS disease 
inflammatory activities and comorbidities with diseases. 
The neurometabolite abnormalities with non-overt CNS 
manifestations suggested the association of abnormal 
vascular reactivity and systemic inflammation with 
subclinical CNS manifestations.

6.18. Diagnosis of mesial temporal lobe sclerosis

Recently, MRS metabolic features of the brain were reported 
to classify mesial lobe epilepsy, hippocampal sclerosis, 
mesial temporal sclerosis (MTS), and mesial and temporal 
seizures[122]. A decreased NAA, NAA/(Cho+Cr) ratio, and 
NAA/Cr ratio in the ipsilateral hippocampus and reduced 
NAA levels in extra-hippocampal regions are suggested as 
pre-surgical localization of epileptogenic focus.

6.19. Theranosis of mitochondrial diseases

Serial MRS visualized the response of weekly intravenous 
500  mg/kg L-arginine therapy in MELAS, showing 
improvement clinically for the treatment of mitochondrial 
encephalopathy with lactic acidosis and stroke-like events. 
L-arginine therapy normalizes brain lactate and NAA/
Cho ratio as a radiologic and clinical improvement[123]. The 
consensus suggests that the management of mitochondrial 
stroke-like episodes may be achievable through the 
utilization of MRS[124]. Mitochondrial myopathies in the 
brain, muscle, and cardiac tissue were indicated by elevated 
lactate levels detected by MRS[125].

7. Future directions and perspectives
In the future, clinical MRSI will be multimodal, robust, 
fast, equipped with new supervised segmentation, 
component-specific registration, and disease-specific 
spatio-spectral-encoded trained pixel data sets 
(spectromics) by super-resolution DL toward customized 
precision medicine[126-130]. A new perception of 3D-MRSI 
clinical value will certainly depend on new computer 
data generation and feature extraction using integrated 
diagnosis with high acceptance in medical practice[131,132]. 
Hybrid approaches of HPLC-MR, biochemical-MR, and 
digital histochemical-MR correlation may contribute 
better. It seems that quantification of metabolite 
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absolute concentrations may indicate actual spectral 
metabolic screening of inborn errors of metabolism, EEG 
neurophysiological properties in brain diseases, and cancer 
compared with test phantoms for quality assessment of 
clinical spectroscopy. New approaches using 13C, 19F, 7Li, 
and 11B spectroscopic imaging may be useful.

8. Conclusion
With minimum computation time, a DL approach is 
emerging with new hopes to utilize multimodal MRSI 
maps with concentrations, diffusion, perfusion, and 
flow MRI fingerprints combined with dynamic PET, CT, 
SPECT, and optic molecular imaging common platform 
screening modality. The segmentation, registration, 
and artificial intelligence further define disease courses 
and their clinical value jointly acceptable by scientists 
and clinician radiologists. Present opinion displays 
a common ground for the above. Government and 
academic clinical trials are quiet on this issue due to 
insufficient evidence.
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Abstract
Research into the pathophysiology of Alzheimer’s disease (AD) and Parkinson’s 
disease (PD) has spanned decades, unraveling deregulated signaling cascades 
in these diseases. Recently, the discovery of the link between ferroptosis and 
neurodegeneration has opened new avenues for neurodegenerative disease research. 
Despite this, the key players in the ferroptotic pathway potentially governing the 
progression of neurodegenerative disease remain unidentified. Thus, in the present 
study, we reconstructed two protein–protein interaction networks (PPINs) for AD and 
PD with their respective differentially expressed genes from post-mortem tissues and 
identified 21 highly connected clusters within the AD PPIN and 17 clusters within the 
PD PPIN. Then, we identified 8 ferroptotic transcription factors (FerrTFs) that regulate 
hub genes from the 7 deregulated clusters of AD and 6 FerrTFs from the 4 deregulated 
clusters of PD. Functional enrichment analysis of these clusters revealed impairment 
in important neurological functions. Finally, we identified 681 drugs with potential 
therapeutic effects against the 8 FerrTFs associated with AD and 633 drugs against 
the 6 FerrTFs linked to PD. In addition, 126 and 114 miRNAs might silence 7 and 5 
FerrTFs against AD and PD, respectively. This exploratory study identifies potential 
markers of ferroptosis that could exacerbate these neurodegenerative diseases and 
also suggests possible therapeutic measures against them.

Keywords: Alzheimer’s disease; Parkinson’s disease; Ferroptosis; Transcription factors; 
Hub genes; Protein–protein interaction network

1. Introduction
In recent paradigms, ferroptosis has emerged as a key driver of neurological disorders, 
including Alzheimer’s disease (AD) and Parkinson’s disease (PD). The dysregulation of 
iron homeostasis is the main cause of ferroptosis, eventually resulting in the progressive 
loss of neurons in neurodegenerative diseases. This iron-dependent mechanism of 
ferroptotic cell death is accompanied by the production of highly reactive free radicals 
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and severe peroxidation of membrane phospholipids 
that are rich in polyunsaturated fatty acids (primarily 
of arachidonic or adrenic acids from phosphatidyl 
ethanolamine molecules). This process contributes to the 
formation of extremely reactive free radicals[1,2].

Being a redox-active metal, iron plays an important 
role in the cellular metabolism of the central nervous 
system (CNS). However, the CNS is highly susceptible to 
oxidative damage induced by excess iron accumulation. 
The correlation between the accumulation of brain iron 
and the progression of neurological disorders along with 
cognitive decline substantiates ferroptosis as the main form 
of cell death in pathophysiological neurodegeneration. 
Ferroptosis is associated with the accumulation of brain 
iron, glutathione depletion, and lipid peroxidation, 
leading to functional and cognitive impairment, as well 
as progressive degeneration and death of nerve cells[3]. 
Recent studies on ferroptosis have clearly demonstrated 
the direct association between free iron, oxidative stress, 
lipid peroxidation, and neuronal cell death, suggesting 
a programmed cell death caused by the accumulation of 
iron-dependent lipid reactive oxygen species (L-ROS)[4]. 
Dysfunction in iron metabolism, such as impaired iron 
uptake by transferrin receptor (TFRC), compromised 
iron export by ferroportin, and disrupted iron storage in 
ferritin, causes L-ROS production, further resulting in 
ferroptosis[5].

Iron abundance, lipid peroxidation levels, and changes 
in glutathione peroxidase 4 activity are the most critical 
indicators of ferroptosis[5,6]. The modulation of ferroptosis 
in neurodegenerative illnesses has been linked to a 
number of genetic and epigenetic variables. For instance, 
mutations in genes encoding proteins involved in lipid 
peroxidation and iron metabolism have been associated 
with neurological disorders. This newly discovered cell 
death mechanism is regulated by several genes related 
to iron metabolism, including TFRC, divalent metal 
transporter 1, ferritin heavy chain 1, nuclear receptor 
coactivator 4, and iron response element binding protein 
2[7,8]. Moreover, it can be regulated by several pathways, 
such as system xc

-, voltage-dependent anion channels, p53, 
p62-Keap1-Nrf2, and others. Experimental use of iron 
chelators and several antioxidants has demonstrated their 
effectiveness in interrupting the process of ferroptosis and 
addressing neurodegenerative diseases[3]. However, further 
exploration of the regulatory mechanisms underlying 
ferroptosis is needed to advance the prevention and 
treatment of neurological diseases.

In the context of AD, ferroptosis has been implicated 
in neuronal cell death and neuroinflammation, both of 
which are associated with disease progression[9]. Several 

factors related to AD have been linked to ferroptosis. 
Firstly, iron dysregulation appears to play a key role. Iron 
is essential for normal brain function, but abnormal iron 
accumulation or distribution can lead to oxidative stress 
and neuronal damage[10]. In AD, increased iron levels 
have been observed in specific brain regions, and this iron 
dysregulation can promote the occurrence of ferroptosis[11]. 
Second, lipid peroxidation is also a primal factor. 
Ferroptosis involves the peroxidation of polyunsaturated 
fatty acids, leading to the production of lipid peroxides and 
subsequent cell membrane damage[12]. Lipid peroxidation 
has been detected in the brain of AD patients, suggesting 
a potential link between ferroptosis and neuronal damage 
in the disease[13]. In addition, depletion of glutathione 
levels has been observed in the brain of AD patients[14]. 
Glutathione depletion can impair the cells’ ability to 
defend against oxidative damage, making them more 
susceptible to ferroptosis[15]. Finally, neuroinflammation, 
characterized by the activation of microglia and the 
release of pro-inflammatory factors, is a common feature 
of AD[16]. Inflammatory processes can induce ferroptosis 
by promoting the accumulation of iron and ROS while 
reducing antioxidant defenses[15].

PD is one of the most prevalent neurodegenerative 
conditions. It is characterized by the gradual loss of 
dopaminergic neurons in the substantia nigra pars 
compacta and the development of Lewy bodies and Lewy 
neurites, which are two important pathogenic features of PD. 
The main protein involved in Lewy disease is α-synuclein, 
which is misfolded and aggregated[17]. The pathogenesis 
of PD depends heavily on both iron dyshomeostasis and 
glial cell activation, which act as “partners in crime,” 
mutually impacting each other and accelerating the 
degradation of dopaminergic neurons[18,19]. Activated 
glia promotes iron dyshomeostasis, leading to stronger 
microglial activation[20]. These findings suggest that the 
pathophysiology of PD may be related to the link between 
ferroptosis, glia activation, and neurodegeneration.

While these observations suggest a potential 
association of ferroptosis with Alzheimer’s and PDs, it is 
important to note that the exact role and contribution of 
ferroptosis to the development and progression of both 
diseases are still areas of ongoing research. Further studies 
are needed to fully elucidate the complex mechanisms 
underlying the relationship between ferroptosis and 
these neurodegenerative diseases. In this study, we have 
unraveled the regulatory pathways that might be controlled 
by ferroptotic transcription factors (FerrTFs) during the 
progression of neurodegenerative diseases, such as AD 
and PD. In addition, we have devised potential therapeutic 
measures against them.
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2. Materials and methods
2.1. Identification of differentially expressed genes 
(DEGs)

We used previously available microarray and RNA-seq 
transcriptome data deposited in NCBI (National Center for 
Biotechnology Information) to identify the DEGs. For AD, we 
used data from a previously published study by Guennewig 
et al.[21], which investigated the disease using samples from 
post-mortem brain tissues. We specifically focused on the 
genes that showed differential expression in the precuneus 
(AD-PREC) and primary visual cortex (VIC) of the brain. 
The identification of DEGs in this study was performed 
using “edgeR”[22]. Next, we obtained RNA-seq data from the 
subthalamic nucleus (STN) of post-mortem brain tissues from 
PD and non-PD patients, which is accessible in GSE106608. 
This data allowed us to determine DEGs associated with PD. 
Specifically, we compared the transcriptomic data of 7 PD 
patients against 9 healthy controls. Table S1 provides patient-
specific details of the samples used in these datasets. To 
assess batch effects in the RNA-seq datasets, we conducted 
the principal component analysis (PCA). We set cutoff values 
of log2FC>1.0 and adjusted P < 0.05 across all the studies and 
datasets to identify significant DEGs.

2.2. Reconstruction of protein-protein interaction 
networks (PPINs) and identification of functional 
modules for AD and PD

We utilized only the physical protein–protein interactions 
available in the STRING v11.5 database (https://string-db.
org/)[23] for network reconstruction. To screen the interactors 
of the DEGs, we employed the STRING application 
programming interface (API) in Python v3.9.2. The resulting 
interactors and DEGs were used to visualize their interaction 
network in Cytoscape 3.9.1[24]. A confidence score >0.7 was 
considered for both PPINs. For the detection of important 
modules from the PPIN in both cases, we used the MCODE 
v2.0.0 app in Cytoscape 3.9.1., which identifies densely 
connected sub-networks considering topological features 
of the main network[25]. Default settings were applied to 
find clusters within the network. For functional enrichment 
analysis of the modules, we used BiNGO in Cytoscape 
3.9.1[26]. Subsequently, we identified hubs from the modules 
using Network Analyzer in Cytoscape 3.9.1 to calculate the 
topological features of the network. The mean degree was 
considered the cutoff value for identifying hubs from each 
module[27].

Figure 1. Common differentially expressed genes (DEGs) between Alzheimer’s disease (AD) and Parkinson’s disease (PD). (A) Venn diagram representing 
the number of DEGs common between AD and PD. (B) Log2FC expression of common DEGs between AD and PD.

A
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2.3. Identification of FerrTFs regulating important 
modules in PPINs

Initially, we identified drivers and markers for ferroptosis 
from FerrDb[28]. Subsequently, we screened the 
transcription factors among these markers and drivers 
using the data available in TRRUST[29] and RegNetwork[30]. 
Using the gene regulatory data from these databases, we 
also identified the FerrTFs that might regulate the hubs 
from each module.

2.4. Identification of probable therapeutic miRNAs 
and drugs targeting FerrTFs

To screen drugs targeting FerrTFs, we used drug-protein 
interactions from Drug SIGnatures DataBase (DSigDB)
[31]. For identifying therapeutic miRNAs targeting 
FerrTFs, we relied on miRNA-TF interactions from 
RegNetwork[30].

3. Results
3.1. Screening and identification of DEGs in the 
progression of neurodegenerative diseases

To investigate the influence of ferroptosis on neurodegeneration, 
we focused on two common neurodegenerative diseases: AD 
and PD[32]. We aimed to identify DEGs from gene expression 
data obtained from post-mortem brain tissues of these 
diseases, which could potentially serve as mediators of disease 
progression in vivo. For AD, we relied on the results from 
the study conducted by Guennewig et al.[21]. Specifically, we 
considered DEGs from AD-PREC and VIC of the brain. We 
successfully identified 283 DEGs for AD using cutoff values 
of log2FC > 1.0 and adjusted P < 0.05 (Table S2). Significant 
DEGs associated with AD included CASP4, TLR9, and C5AR1. 
CASP4 has been associated with an increased risk of late-onset 
AD (LOAD)[33]. TLR9 is implicated in neuroinflammation 

Figure 2. The protein–protein interaction network for Alzheimer’s disease (AD protein–protein interaction networks) consists of 1478 nodes and 13344 edges.
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during later stages of AD[34]. C5AR1 encodes a proinflammatory 
receptor for C5a, with C5aR1 antagonists found to protect 
against the onset of AD[35].

To identify DEGs for PD, we analyzed gene expression 
data from GSE106608 and examined gene expression 
changes in STN from post-mortem brains of PD patients. 
By applying cutoff values of log2FC > 1.0 and adjusted P 
< 0.05 (Table  S2), 122 DEGs were identified. Significant 
DEGs associated with PD included NEAT1, CASP7, and 
SERPINA1. NEAT1 is known to initiate the formation of 
nuclear paraspeckles, which are involved in the progression 
of PD. It has been proposed to be a possible biomarker for 
PD[36]. CASP7 encodes caspase-7, which has been found 
to promote the activation of microglia[37] and lead to 
neurotoxicity and neurodegeneration. SERPINA1, which 
encodes serpina1 protein, has modified forms associated 
with dementia in PD[38].

Thus, the DEGs we identified represent genes that play 
crucial roles in disease progression. Moreover, we found 21 
DEGs that were common to both AD and PD (Figure 1).

3.2. Detection of hub genes from functional 
modules in AD and PD PPIN

The results indicate that ferroptosis may play a role 
in instigating the progression of both AD and PD. 
Reconstruction of PPIN with direct interactors of DEGs 
provides a comprehensive view of molecular signaling events 
and the diverse pathways involved in disease progression[39]. 
Thus, we initially reconstructed two separate PPINs for AD 
and PD using STRING v11 API in Python 3.9.2., considering 
only physical interactions with a confidence score >0.7[40]. 
The resulting networks were then visualized in Cytoscape 
v3.9.1[24] (Figures  2 and 3). The PPIN for AD (AD-PPIN) 
consists of 1478 nodes and 13344 edges (Figure 2), while the 
PPIN for PD (PD-PPIN) consists of 819 nodes and 4766 edges 

Figure 3. The protein–protein interaction network for Parkinson’s disease (PD protein–protein interaction networks) consists of 819 nodes and 4766 edges.
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(Figure 3). Subsequently, we identified statistically relevant 
sub-networks or clusters from these PPINs using MCODE 
v2.0.0 app[25] in Cytoscape v3.9.1.[24]. The default settings 
of MCODE v2.0.0 app were used for module detection. 
The AD-PPIN and PD-PPIN consist of 21 and 17 clusters, 
respectively. Next, we performed functional enrichment 
analyses on each module using BiNGO in Cytoscape 3.9.1 to 
determine their functional roles during AD and PD.

Hub genes are the most interconnected genes within 
a network. Thus, in the next step, we calculated the 
degree centrality of each cluster using Network Analyzer 
in Cytoscape v3.9.1.[24,27]. The mean degree centrality 
for each cluster was used as the cutoff value to select 
hubs from the clusters (Figures S1 and S2). We aimed to 
decipher the influence of ferroptosis in the progression of 
neurodegeneration in both AD and PD. To achieve this, we 
initially selected probable markers and drivers of ferroptosis 
from FerrDb[28]. Driver genes are likely to induce ferroptosis, 
while marker genes indicate the occurrence of ferroptosis. 
We considered 162 probable ferroptotic drivers and markers 
for our study. We further sought to decode the influence 
of ferroptosis in instigating neurodegeneration in AD and 
PD. Using TRRUST[29] and RegNetwork[30], we identified 
25 FerrTFs among the drivers and markers of ferroptosis. 
Initially, we identified targets of these FerrTFs among the 

DEGs (Figure  4). Then, we analyzed the targets of these 
FerrTFs within the cluster-specific hub genes to understand 
the role of FerrTFs in regulating functional clusters within 
AD-  and PD-PPIN. Our analysis revealed that 8 and 6 
FerrTFs regulate hub genes from the 7 and 4 deregulated 
clusters of AD and PD, respectively. Figures 5 and 6 illustrate 
the hub genes that are regulated by FerrTFs and the function 
of the module to which they belong (Figures S1 and S2).

3.3. Devising therapeutic miRNAs and drugs 
targeting FerrTFs

Finally, we were interested in identifying therapeutic 
miRNAs and drugs targeting FerrTFs. Thus, we retrieved 
miRNA-FerrTF interactions from RegNetwork[30] and 
drug-FerrTF interactions from Drug SIGnatures DataBase 
(DSigDB). Our analysis revealed 126 miRNAs that could 
silence 7 FerrTFs and 681 drugs that might have therapeutic 
effects against 8 FerrTFs in the case of AD (Figure  7; 
Table S3). Similarly, 114 miRNAs could have therapeutic 
roles against 5 FerrTFs, and 633 drugs could dampen the 
effects of 6 FerrTFs during PD (Figure 8; Table S3).

4. Discussion
Ferroptosis is an iron-dependent cell death process that 
has recently been implicated in the death of dopaminergic 

Figure  4. Differentially expressed genes (DEGs) regulated by FerrTFs. (A) Alzheimer’s disease DEGs regulated by ferroptotic transcription factors 
(FerrTFs). (B) Parkinson’s disease DEGs regulated by FerrTFs.
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neurons in neurodegenerative diseases[41]. We were interested 
in investigating the role of ferroptotic pathways in the 
progression of neurodegenerative diseases, namely AD and 
PD. Among the AD DEGs, we identified two ferroptosis 
marker genes, namely PLIN4 and ANGPTL7. PLIN4 has been 
reported to store lipid droplets and thereby prevent mitophagy 
of neurons in neurodegenerative diseases[42]. Strikingly, it has 
also been linked to instigating ferroptosis in cancer tissues[43]. 
Similarly, ANGPTL7 has been suggested as a marker for 
ferroptosis in cancer tissue[44], but recent evidence revealed an 
increase in its protein concentration during the pre-clinical 
stages of AD[45]. Thus, these ferroptotic genes may play a role 
in the progression of AD. For PD, we identified ferroptotic 
genes among the DEGs, namely HMOX1 and VEGFA. Both 
HMOX1 and VEGFA have been reported as markers of 
ferroptosis in different tissues[46,47]. However, HMOX1 has 
been shown to promote the production of α-synuclein during 
PD[48], and blocking the release of VEGFA from astrocytes 
has been shown to decrease PD progression[49]. Hence, the 
expression of ferroptotic genes in PD and AD is evident. 
After identifying the DEGs, we reconstructed PPINs for 
AD and PD. Functional enrichment analysis of important 
modules from the PPINs showed that for AD, modules 2, 
4, and 14 were functionally enriched with Gene Ontology 
biological processes (GO BP) such as “lipid homeostasis” and 
“positive regulation of lipid metabolic process” (Figure S1). 

Coincidentally, abnormal lipid homeostasis has been shown 
to not only drive ferroptosis but also aggravate AD[50,51]. 
In contrast, cluster 14 for PD was enriched with GO BP, 
GO:34367: “macromolecular complex remodeling” (Figure 
S2). Ferroptosis can lead to the accumulation of misfolded 
proteins due to an increase in endoplasmic reticulum stress[52], 
and protein misfolding and aggregation have been implicated 
in familial forms of PD[53]. Thus, the ferroptotic pathway 
significantly influences the progression of AD and PD[13].

While the coexistence of ferroptosis with the progression 
of both diseases is evident, we aimed to decode the specific 
influence of ferroptosis in instigating neurodegeneration 
in AD and PD. To achieve this, we used TRRUST[29] and 
RegNetwork[30] to identify 25 FerrTFs among the drivers 
and markers of ferroptosis. Among these 25 FerrTFs, 
5 common FerrTFs – ATF4, ATM, MAPK1, MAPK3, 
and TP53 – were found to target a total of 11 DEGs in 
AD and 10 DEGs for PD (Figure  4). For instance, ATF4 
has been shown to promote the autophagy of neuronal 
cells under prolonged ER stress[54], ultimately leading 
to neurodegeneration. In our study, ATF4 was found to 
increase the expression of VEGFA and NUPR1 in PD and 
AD, respectively (Figure  4). As previously mentioned, 
silencing VEGFA has been linked to the prevention of 
PD-mediated neurodegeneration. On the other hand, 
NUPR1 has been reported to induce methamphetamine 

Figure  5. Hub genes from the modules of Alzheimer’s disease protein–protein interaction networks (AD-PPIN) that are regulated by ferroptotic 
transcription factors (FerrTFs). The figure represents only the modules from AD-PPIN that contains hub genes that might be regulated by FerrTFs.
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(METH)-mediated neuronal apoptosis[55]. Three unique 
FerrTFs for AD – HNF4A, XBP1, and MAPK14 – were 
found to target three AD DEGs – CEACAM1, GAD1, and 
IL18, respectively. HNF4A has been identified as a blood 
biomarker for neurodegenerative disease[56], and in our 
study, it increased the expression of CEACAM1, which 
has earlier been reported to cause blood–brain barrier 
dysfunction[57]. We also identified three unique FerrTFs for 
PD – IFNG, TRIB3, and ZEB1 – that control 4 PD DEGs. 
ZEB1 has been linked to neuroinflammation in CNS 
disorders[58]. Thus, FerrTFs regulate the progression of both 
AD and PD by influencing the expression of several DEGs.

We also observed that the FerrTFs regulate a significant 
number of hub genes from clusters in both AD-PPIN and 
PD-PPIN. In our study, we found that ATF4 regulates the 
expression of APOE in AD (Figure  5). APOE has been 
identified as the main genetic marker for AD risk[59]. In 
the single-cell RNA-seq study of AD by Mathys et  al.[60], 
APOE was significantly upregulated in excitatory neurons 
(log2FC = 0.32). Strikingly, APOE has also been reported to 
influence iron homeostasis in the brain[61]. The upregulation 
of APOE in the brain during AD may be linked to the 

induction of ferroptosis, which could contribute to 
enhanced neurodegeneration. Further analysis of the 
cluster containing APOE [Cluster 4] (Figure  5) revealed 
its functional enrichment in GO BP – “lipid homeostasis.” 
As previously mentioned, disruption of lipid homeostasis 
is the hallmark of AD[8]. Moreover, 3 of the 5 target genes 
(TGs) for the HNF4A, one of the FerrTFs, were found in 
this cluster. HNF4A is a well-known blood biomarker for 
neurodegenerative disease[56]. In the single-cell RNA-seq 
study of AD by Mathys et al.[60], HNF4A was significantly 
expressed in excitatory neurons (log2FC = 0.42) and has 
been shown to induce ferroptosis in hepatocarcinoma cells 
by binding to histone acetyltransferases.[47]. In addition, 2 
TGs of HNF4A, namely APOE1 and LIPC, were found to be 
upregulated in excitatory neurons of the AD brain (log2FC: 
0.25 and 0.40, respectively)[60]. HNF4A also downregulates 
the expression of hubs ABCG5 and ABCG8 (log2FC: -0.70 
and  -0.30, respectively)[60] from cluster 11, which is 
functionally enriched for lipid homeostasis. ABCG5 and 
ABCG8 are important proteins for cholesterol efflux[62]. 
These findings suggest a close association between lipid 
metabolism and ferroptosis. Existing literature also supports 

Figure 6. Hub genes from the modules of Parkinson’s disease protein–protein interaction networks (PD-PPIN) that are regulated by ferroptotic transcription 
factors (FerrTFs). The figure represents only the modules from PD-PPIN that contains hub genes that might be regulated by FerrTFs.
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this notion, as ferroptosis has been shown to influence 
lipid synthesis and metabolic pathways[51]. Therefore, the 
disruption of lipid metabolism by ferroptosis may contribute 
to the progressive neurodegeneration in AD.

Existing literature suggests that dysregulation of 
NF-κB signaling can lead to apoptosis, inflammation, and 
the progression of several neurodegenerative diseases, 
including PD[63]. Strikingly, several components of the 
NF-κB signaling cascade, such as IRF7, NLRC4, CHUK, 
and CASP1, are regulated by FerrTFs (Figure 6). NLRC4 has 
been reported to cause neuroinflammation and promote 
PD[64]. Among the FerrTFs, TP53 encodes tumor protein 
p53, which was found to be upregulated in dopaminergic 
neurons of the substantia nigra pars compacta in PD 
brains[65]. The loss of dopaminergic neurons in this brain 
region is a hallmark of PD progression[65]. p53, along with 
NF-κB, has been shown to contribute to the progressive 
degradation of dopaminergic neurons in the PD brain[66]. 
Recent research has demonstrated that both tumor-

associated mutant p53 and the signaling system linked with 
p53 can control ferroptosis[67]. In our study, we found that 
p53 targets the maximum number of hubs from different 
clusters of the PD PPIN, and 3 out of 7 of its TGs were from 
cluster 10, which was functionally enriched with the GO BP 
– “regulation of I-κB kinase/NF-κB cascade.” The targets 
of p53 in this cluster include CASP1, NLRC4, and CHUK. 
p53 aggravates the expression of NLRC4, and the role of 
NLRC4 in PD has been elucidated earlier in this discussion. 
CHUK encodes IKKα, an important tumor suppressor for 
suppressing the inflammatory NF-κB pathway within the 
cell[68]. However, in our study, p53 was found to suppress 
the expression of CHUK, potentially exacerbating NF-κB-
mediated inflammatory pathways. Moreover, TP53 was 
also found to regulate the expression of the hub for cluster 
13, namely STAT1. This cluster was functionally enriched 
with GO BP – “Positive regulation of immune system 
process.” It has been reported that the interaction of STAT1 
and NF-κB is responsible for bringing about inflammatory 
responses[69]. Strikingly, ferroptosis aggravates pro-

Figure 7. Therapeutic drugs and miRNA that might target ferroptotic transcription factors (FerrTFs) for Alzheimer’s disease (AD). (A) 681 drugs that 
might be therapeutic against 8 FerrTFs for AD. (B) 126 miRNAs that might silence 7 FerrTFs against AD.
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inflammatory processes, which trigger neuroinflammation 
and neurodegeneration[70]. Our analysis suggests that 
FerrTFs induce inflammatory pathways through NF-κB 
signaling, contributing to neurodegeneration during PD.

Thus, it can be asserted that FerrTFs influence the 
progression of neurological disorders such as AD and 
PD to a greater extent, warranting the development of 
therapeutic measures targeting these FerrTFs. Accordingly, 
we have also devised therapeutic drugs and miRNAs that 
can be used to combat AD and PD. Among the drugs, we 
identified 592 drugs that commonly target FerrTFs found 
in both neurodegenerative diseases. Notably, most of the 
drugs are targeted against TP53, and the drugs citric acid 
and daunorubicin are commonly implicated. Citric acid has 
previously been shown to reduce oxidative stress in brain 
cells[71], and in our study, it was found to target two FerrTFs, 
namely TP53 and HNF4A, in both AD and PD. While 
there is no evidence pointing to its ability in preventing 

neurodegeneration, daunorubicin may act against 5 common 
FerrTFs, namely ATF4, MAPK3, MYB, TNFAIP3, and TP53, 
in AD and PD. Regarding therapeutic miRNAs, our findings 
suggest that hsa-miR-132 could silence three common 
FerrTFs for AD and PD, namely MYB, MAPK1, and MAPK3. 
Literature supports miR-132’s multifarious neuroprotective 
roles, and its decreased expression has been reported in post-
mortem AD brains[72]. These drugs and miRNAs represent 
promising candidates for future experimental testing to 
elucidate their potential in dampening ferroptosis during the 
pathogenesis of AD and PD.

5. Conclusion
In this study, we have unveiled the crosslink between 
ferroptosis, an iron-mediated cell death process, and 
two neurodegenerative diseases, AD, and PD, using a 
network and systems biology approach. Our analyses 
have demonstrated that the expression of a significant 
number of genes is modulated by ferroptosis-associated 

Figure 8. Therapeutic drugs and miRNA that might target ferroptotic transcription factors (FerrTFs) for Parkinson’s disease (PD). (A) 633 drugs that 
might be therapeutic against 6 FerrTFs for PD. (B) 114 miRNAs that might silence 5 FerrTFs against PD.
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transcription factors during the pathogenesis of these two 
neurodegenerative diseases. Thus, this study identifies 
potential ferroptosis markers that may play a driving role 
in these diseases. Finally, we have devised therapeutic 
measures that can be experimentally tested for their 
efficacy in combating ferroptosis in AD and PD. This study 
provides valuable insights for experimental biologists to 
use these ferroptosis markers and demystify their mode of 
action in causing neurodegeneration, thereby advancing 
our understanding of these diseases.
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Abstract
In this study, we investigated the incidence of venous thromboembolism (VTE), 
related risk factors for VTE, and the effect of VTE on overall survival in patients with 
non-small-cell lung cancer harboring epidermal growth factor receptor (EGFR) and 
anaplastic lymphoma kinase (ALK) gene mutations. The study included patients 
older than 18  years of age who were diagnosed with histologically proven locally 
advanced or advanced-stage adenocarcinoma and were followed in our center 
between January 2014 and December 2019. These patients were divided into two 
groups:  one comprising mutation-positive individuals and the other mutation-
negative individuals. We examined factors influencing the occurrence of VTE, 
assessed the incidence of VTE, and compared the differences in overall survival. 
Univariate Cox regression analysis revealed that the independent predictors of VTE 
were the number of metastases (Hazard ratio [HR]: 3.784; 95% confidence interval 
[CI]: 2.198 – 6.515; P < 0.001) and the presence of EGFR exon 21 mutations (HR: 2.386; 
95% CI: 1.276 – 4.462; P = 0.006). However, in multivariate analysis, only the number 
of comorbidities was associated with an increased risk for VTE (HR: 3.462; 95% 
CI: 1.977 – 6.060; P < 0.001). It is essential to consider the risk of VTE development 
in patients with EGFR exon 21 mutation-positive lung adenocarcinoma. Physicians 
should be vigilant in terms of screening, prophylaxis, and follow-up for underlying 
VTE in these patients.

Keywords: Pulmonary embolism; Venous thromboembolism; Epidermal growth factor 
receptor; Survival

1. Introduction
The incidence of venous thromboembolism (VTE) is higher among cancer patients 
compared to the general population[1]. Approximately 20% of all VTE cases can be 
attributed to cancer[2]. The highest risk of VTE is observed in patients with lung 
cancer, hematological malignancies, gastrointestinal cancer, or distant metastases[3]. 
Furthermore, studies have indicated that the presence of VTE increases the mortality 
risk in cancer patients by 3 – 5 times[3,4]. Despite the thrombosis prophylaxis, the risk of 
VTE following surgical procedures in cancer patients surpasses that in non-malignant 
patients[5]. Notably, the risk of fatal pulmonary embolism (PE) increases more than 
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3 times in cancer patients[6]. In particular, pneumonectomy 
has been associated with a higher risk of VTE than 
lobectomy for stage I and II lung cancer[7].

In comparison to other tumor types, lung cancer has 
been associated with a moderate risk of VTE, particularly 
during the 1st  year following cancer diagnosis. The 
prevalence of VTE in lung cancer patients has been 
reported to range between 7% and 15%[3]. Factors such 
as longer life expectancy, advanced age at the time 
of cancer diagnosis, and utilization of thrombogenic 
anti-cancer agents have increased the incidence of VTE in 
cancer patients[4]. Although patients diagnosed with lung 
cancer are also predisposed to arterial thromboembolism 
(ATE), the effect of lung cancer on ATE development is less 
pronounced than its effect on VTE development[8].

Research has indicated that certain laboratory 
parameters can predict an elevated risk of cancer-
related thrombosis. However, the identification of a 
standardized biomarker specific to lung cancer is still 
underway. Therefore, there is a growing need to uncover 
biomarkers that can effectively identify individuals at risk 
for developing thromboembolism and determine suitable 
candidates for thromboprophylaxis.

Lately, significant advancements have been introduced 
in the treatment approaches for advanced non-small-cell 
lung carcinoma (NSCLC). Guidelines now recommend the 
thorough investigation of targetable driver gene mutations 
in all patients with advanced NSCLC[9]. At present, lung 
cancer patients are categorized based on tumor histological 
characteristics and the presence of epidermal growth 
factor receptor (EGFR) mutations or anaplastic lymphoma 
kinase (EML4-ALK) translocations such as echinoderm 
microtubule-associated protein 4[9].

Studies have indicated a lack of association between 
increased risk of VTE and EGFR mutations in patients with 
NSCLC[10,11]. Interestingly, Zer et al. demonstrated that the 
incidence of VTE was 3 – 5 times greater in cohorts with 
anaplastic lymphoma kinase (ALK) gene mutations than in 
the previously reported NSCLC population[12]. Dou et al.’s 
study, further, corroborated these findings, establishing 
a correlation between the increased VTE risk in NSCLC 
patients and the presence of ALK gene mutation[13]. Given 
the heightened VTE risk in cancer patients, the new 
thromboprophylactic agents have garnered increasing 
importance[14-16].

Our study aimed to elucidate the difference in VTE 
occurrence between lung cancer patients with EGFR 
mutations, those with ALK mutations, and patients without 
these mutations. In addition, we evaluated the effect of 
VTE on overall survival (OS) within this patient cohort.

2. Materials and methods
2.1. Study population

This retrospective observational study was designed to 
investigate the relationship between EGFR and ALK gene 
mutations and the occurrence of VTE in patients with lung 
adenocarcinoma (LA). The study included patients older than 
18 years who had received a histologically confirmed diagnosis 
of either locally advanced or advanced-stage adenocarcinoma 
and followed in our center between January 2014 and 
December 2019. Tumor tissue DNA analysis for gene 
mutations was conducted at the time of study entry.

The following inclusion criteria were defined as follows: 
(i) Patients with a confirmed pathological diagnosis of 
adenocarcinoma, (ii) patients who underwent mutation 
analysis, and (iii) patients with available data regarding 
occurrences of VTE. Exclusions encompassed patients 
with ROS1 gene mutations, patients with a confirmed 
pathological diagnosis of small-cell lung cancer, patients 
who had undergone surgical intervention, patients receiving 
anticoagulant therapy, patients with a diagnosis of chronic 
embolism, and patients in the early stages of the disease.

The patients were divided into two groups: those with 
gene mutations (mutation [+]) and those without mutation 
(mutation [-]). The mutation (+) group comprised patients 
with EGFR and ALK gene mutations. This study sought to 
analyze the incidence of VTE within these groups, discern 
factors affecting the occurrence of VTE, and compare the 
OS between the mutation (+) and mutation (-) groups.

2.2. Data collection

The demographic and clinical data of the patients (age, gender, 
tumor histopathology, clinical stage, number of metastases, and 
the administration of active cancer therapy within the 4 weeks 
leading up to the diagnosis of VTE), laboratory parameters at 
the time of VTE onset, and the presence of documented VTE 
were recorded. Clinical staging was determined in accordance 
with TNM classification (8th edition)[17].

2.3. Laboratory methods

All tumor molecular tests were conducted by a pathologist 
at regional laboratories.

Tumor biopsy specimens were processed as formalin-
fixed and paraffin-embedded samples for histological 
examination and mutation analysis. EGRF mutation 
analysis (covering exons 18, 19, 20, and 21) was performed 
using real-time PCR. ALK rearrangement and ROS1 
rearrangement were investigated using the FISH method, 
utilizing the BX51 Olympus fluorescence microscope. For 
ALK and ROS1 results to be considered positive, a minimum 
of 50 scoreable tumor cells in 4 – 5 μm thick tissue sections 
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were required, with at least 15% of these tumor cells 
displaying split or monopatterned characteristics.

2.4. Diagnosis and classification of VTE

Incidentally detected VTE events identified through 
imaging, regardless of the presence of patient symptoms, 
as well as symptomatic VTE events confirmed through 
radiological assessment prompted by clinical suspicion, 
were both included as TE events.

The confirmation of deep vein thrombosis (DVT) 
cases involved venous ultrasound imaging. In instances 
of PE, confirmation was achieved through computed 
tomography pulmonary angiography or ventilation-
perfusion scanning, chosen based on patients’ history of 
contrast allergy or renal failure.

2.5. Statistical analysis

Categorical data were presented as percentages (%) and 
absolute numbers, and their comparison was carried 
out using Chi-square or Fisher’s exact tests. The normal 
distribution of continuous variables was assessed using 
the Kolmogorov–Smirnov test. Levene’s test was utilized 
to analyze the homogeneity of variances. Continuous 
data were described either as mean±standard deviation 
(SD) or as median (minimum–maximum), based on 
the normality of distribution. The differences between 
groups were examined using Student’s t-test and Mann–
Whitney U-tests. Univariate and multivariate Cox 
regression analyses were conducted to assess risk factors 
independently associated with VTE. The multivariate 
analysis was conducted for variables that demonstrated 
significance (P < 0.05) as per the univariate test. Hazard 
ratios (HRs) with corresponding 95% confidence intervals 
(CI) were calculated. The observation time was defined 
as the period between the date of NSCLC diagnosis 
and the occurrence of VTE, death, or censoring time 
(February  1,  2023). The median OS was determined as 
the duration (in days) from the date of LA diagnosis to 
either the date of all-cause mortality or the analysis time. 
The Kaplan–Meier method was employed to estimate 
survival curves for different molecular subtypes (mutation 
[-] and mutation [+]), with a log-rank test employed for 
comparisons. The reverse Kaplan–Meier method was used 
to estimate median follow-up time. All statistical analyses 
were performed using IBM SPSS Statistics for Windows, 
Version 25.0 (IBM Corp. Released 2017, Armonk, NY: IBM 
Corp). P < 0.05 was considered statistically significant.

3. Results
A total of 343 patients with locally advanced or advanced 
LA (97  females and 246  males, with a mean age of 
61.9 ± 10.6 years) were enrolled in the study.

According to the TNM-8 staging system, 19.5% (n = 67) 
of the patients had locally advanced cancers, while 80.5% 
(n = 276) had advanced cancers. Multiple metastases 
(occurring on >2 sides) were present in 61.2% (n = 210) of 
patients with advanced-stage patients. The distribution of 
molecular mutations included 115 (33.5%) EGFR-mutant 
patients, 37 (10.8%) ALK-mutant patients, and 190 (55.4%) 
patients without any detected mutations.

Occurrences of DVT were identified in 23  patients 
(6.7%), and PE was observed in 31  patients (9%) within 
the entire study population. Among mutation (+) patients, 
8  (5.2%) exhibited DVT, and 22  (14.2%) showed PE. 
While 30  (19.4%) of 155  patients developed VTE in the 
mutation (+) group, this number was 24  (12.8%) in the 
mutation (-) group (P = 0.07). The prevalence of PE was 
significantly higher in the mutation (+) group compared 
to the mutation (-) group (14.4% vs. 4.7%, P < 0.002). 
There was no statistically significant difference between 
the two groups in terms of DVT prevalence (5.2% vs. 7.9%, 
P = 0.32) (Table 1).

The median follow-up time for all patients was 
87  months (95% CI: 75.819 – 98.181), 82  months 
(95% CI: 73.328 – 90.672) for mutation (+) patients, and 
95  months (95% CI: 93.570 – 96.430) for mutation (-) 
patients.

Overall, 155  patients were administered specific 
tyrosine kinase inhibitors (TKI) based on their driver 
mutations. Among these, 148  patients initiated TKI 
treatment before experiencing VTE, while seven patients 
began TKI treatment after the development of VTE events.

Demographic and clinical characteristics were 
compared between the mutation (+) and mutation (-) 
groups (Table  1). Both groups exhibited similar age 
distribution, clinical stage, gender composition, and 
presence of multiple metastases. However, the rate of 
PE was significantly higher in the mutation (+) group 
(P = 0.002).

Two groups were compared based on laboratory 
parameters, revealing a statistically significant difference in 
D-dimer levels and lymphocyte counts (P = 0.01) (Table 2).

An analysis of the mutation (+) group failed to yield 
statistically significant results when EGFR (+) and ALK (+) 
patients were assessed in terms of VTE (P = 0.9). Similarly, 
no statistically significant results were observed in terms of 
pulmonary thromboembolism (PTE) (P = 0.47).

The rate of VTE was also investigated within the 
subgroups of EGFR exon 19 and exon 21 mutations in our 
study. Although statistical significance was not reached, a 
higher PE rate was evident in the exon 21 group (P = 0.22). 
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In terms of DVT, although a higher rate was observed in 
the exon 21 group, statistical significance was not reached 
(P = 0.06). However, a significantly higher VTE rate was 
observed within the exon 21 subgroup (P = 0.03).

Univariate Cox regression analysis unveiled variables 
affecting the risk of PE, including the number of 
metastases (HR: 4.709 [95% CI: 2.255 – 9.834]; P < 0.001) 
and the presence of EGFR exon 21 mutations (HR: 3.085 
[95%  CI:  1.416 – 6.721]; P = 0.005). Multivariate COX 
regression analysis identified the number of comorbidities 

as the only factor with an increased risk of PE (HR: 4.112 
[95% CI: 1.923 – 8.793]; P < 0.001).

Similarly, univariate Cox regression analysis 
identified independent predictors of VTE as the number 
of metastases (HR: 3.784 [95% CI: 2.198 – 6.515]; 
P < 0.001) and the presence of EGFR exon 21 mutations 
(HR: 2.386 [95%  CI:  1.276 – 4.462]; P = 0.006). In the 
multivariate analysis, only the number of comorbidities 
was associated with an increased risk for VTE (HR: 3.462 
[95% CI: 1.977 – 6.060]; P < 0.001) (Table 3).

Table 2. Laboratory parameters of patients with VTE

Variables Study population (n=343) Mutation (+) (n=30) Mutation (‑) (n=24) P‑value

Hemoglobin (g/dl) (mean±SD) 12.89±1.99 12.9±2.31 12.88±1.58 0.97

White blood cell (/mm3) (median [min–max]) 10600 (4000 – 83333) 10600 (4000 – 83333) 9965 (4460 – 27100) 0.76

Lymphocyte (/mm3) (mean±SD) 1520 (170 – 4110) 1380 (170 – 4110) 1895 (537 – 4000) 0.01*

Platelet (×103) (median [min–max]) 264 (119 – 965) 257 (152 – 965) 272 (119 – 553) 0.45

D‑dimer (ng/dl) (median [min–max]) 1720 (194 – 14990) 2240 (908 – 14990) 930 (194 – 1670) 0.01*

LDH (U/L (median [min–max]) 267 (143 – 2298) 297 (143 – 2298) 234 (156 – 1389) 0.09

Note: *Represents a statistically significant difference (P<0.05) between the mutation (+) and mutation (‑) groups. Abbreviation: LDH: Lactate 
dehydrogenase.

Table 1. The demographic and clinical characteristics of the study population.

Variables Study population (n=343) Mutation (+) (n=153, 44.6%) Mutation (‑) (n=190, 55.4%) P-value

Age (mean±SD) 61.9±10.6 61.6±12.5 60.6±8.8 0.38

Age group 0.18

<65 226 (65.9%) 95 (62.1%) 131 (68.9%)

≥65 117 (34.1%) 58 (37.9%) 59 (31.1%)

Gender <0.001

Female 97 (28.3%) 69 (45.1%) 28 (14.7%)

Male 246 (71.7%) 84 (54.9%) 162 (85.3%)

Comorbidities 90 (26.2%) 73 (47.7%) 17 (8.9%) <0.001

TNM stage 0.05

Locally advanced 67 (19.5%) 23 (15%) 44 (23.9%)

Advanced 276 (80.5%) 130 (85%) 146 (76.8%)

≥2 sides of metastasis 210 (61.2%) 99 (64.7%) 111 (58.4%) 0.23

EGFR mutation (+) 115 (33.5%) 115 (74.2%) ‑

EGFR exon 19 (+) 72 (21%) 72 (47.1%)

EGFR exon 21 (+) 43 (12.5%) 43 (28.1%)

ALK translocation 37 (10.8%) 37 (24.2%) ‑

Overall survival (months [95% Cl]) 20 (16.27 – 23.72) 37 (26.77 – 47.22) 12 (9.49 – 14.50) <0.001

VTE 54 (15.7%) 30 (19.6%) 24 (12.6%) 0.07

Type of thrombosis

DVT 23 (6.7%) 8 (5.2%) 15 (7.9%) 0.32

PE 31 (9%) 22 (14.4%) 9 (4.7%) 0.002*

Note: *Represents a statistically significant difference (P<0.05) between the mutation (+) and mutation (‑) groups. Abbreviation: ALK: Anaplastic 
lymphoma kinase; DVT: Deep vein thrombosis; EGFR: Epidermal growth factor receptor; PE: Pulmonary embolism; VTE: Venous thromboembolism.
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4. Discussion
This study shed light on the risk of developing VTE 
among patients with EGFR exon 21-positive LA. Cancer-
specific hypercoagulability is influenced by factors such 
as tumor-derived tissue factor (TF) and mucin. Notably, 
mucin has been demonstrated to interact with L-  and 
P-selectins through various mechanisms to induce the 
formation of platelet-rich microthrombi[18]. Studies have 
revealed that lung cancer cells induce the expression of 
TF[19-21]. Notably, TF overexpression is regarded as the 
most important factor in cancer-associated thrombosis. 
Changes in the regulatory mechanisms of TF expression 
might contribute to an increased risk of thrombosis in 
cancer patients[22]. Sato et al.[23] demonstrated the role of 
TF in the pathogenesis of VTE in lung cancer patients 
through a case study involving Trousseau syndrome. 
Therefore, it appears that LA-derived TF is responsible for 
recurrent VTE[23].

A review of the literature suggests that EGFR mutations 
may induce an overexpression of TF in cancer cells[24]. 
Preclinical investigations have consistently demonstrated 
EGFR’s role in inducing overexpression of TF[24,25]. Given 
these findings, we hypothesized that EGFR mutations 
could potentially reduce tumor procoagulant activity and 
TF expression, consequently reducing VTE incidence. The 
increase in TF could establish a direct correlation between 
oncogene expression and the risk of thrombosis.

In addition to oncological factors, non-oncological 
factors also contribute to thromboembolism in cancer 
patients, such as surgery, immobility, infections, and 
particularly exposure to cytotoxic agents which may 
increase the overall risk for VTE significantly[26].

In our study, we investigated the relationship between 
positive mutations and VTE in patients with LA. Univariate 
Cox regression analysis revealed that VTE occurred at a 
significantly higher rate in the EGFR exon 21 mutation (+) 
group compared to the mutation (-) group. These findings 
suggest that the presence of an EGFR exon 21 mutation 
may increase susceptibility to PE in LA patients.

The previous studies have reported the prevalence 
of VTE in lung cancer patients to be within the range 
of 7 – 15%[27,28]. In our study, we found the prevalence of 
VTE to be 15.7%, which is consistent with these previous 
findings. However, when considering specific driver gene 
mutations, the reported prevalence of VTE increases to 
23%, a higher percentage than the reported prevalence of 
7 – 15% in lung cancer patients[10,29]. Consistent with the 
literature, our study found a VTE prevalence of 19.6% in 
patients with driver gene mutations.

The impact of tumor gene mutations on thrombosis 
risk has been the focus of extensive preclinical and 
clinical studies. For example, a study involving post-
pneumonectomy invasive LA patients (n = 323) indicated 
that those with EGFR gene mutations carried a higher risk 
of ATE[29]. Conversely, the previous studies have reported 
conflicting correlations between EGFR gene mutations 
and VTE risk in LA patients[10,11]. In our study, we did not 
observe statistically significant results regarding VTE in 
the EGFR mutation-positive group.

Wang et al. conducted a study investigating the 
prevalence of VTE in cases with exon 18, 19, 20, 21, 30, and 
31 mutations, but they did not find a statistically significant 
increase[29]. In our study, we specifically examined the rates 
of VTE in the EGFR exon 19 and exon 21 groups and found 

Table 3. Univariate and multivariate Cox regression analysis for the prediction of VTE

Variables Univariate analysis Multivariate analysis

HR 95% Cl P‑value HR 95% Cl P‑value

Age group (<65 vs. ≥65) 1.423 0.829 – 2.441 0.20

Gender (female vs. male) 1.281 0.705 – 2.327 0.41

Comorbidities (no vs. yes) 3.784 2.198 – 6.515 <0.001* 3.462 1.977 – 6.060 <0.001*

TNM Stage (locally advanced vs. advanced) 1.014 0.532 – 1.930 0.96

Number of metastasis (<2 vs. ≥2) 1.163 0.675 – 2.005 0.58

EGFR mutation (no mutation vs. mutation at exon 19) 0.564 0.283 – 1.126 0.1

EGFR mutation (no mutation vs. mutation at exon 21) 2.386 1276 – 4.462 0.006* 1.632 0.855 – 3.116 0.13

ALK translocation (no vs. yes) 0.933 0.421 – 2.071 0.86

Cancer treatment

No treatment versus chemotherapy 1.212 0.361 – 4.071 0.75

No treatment versus targeted therapy 1.254 0.380 – 4.139 0.71

Note: *Represents a statistically significant difference (P<0.05) between the mutation (+) and mutation (‑) groups. Abbreviations: ALK: Anaplastic 
lymphoma kinase; EGFR: Epidermal growth factor receptor.
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a higher rate in the exon 21 group. EGFR mutations were 
identified in 40 – 50% of Asian patients and 10%–15% of 
Caucasian patients[30]. Consistent with the literature, our 
study reported an EGFR mutation rate of 33.5%.

Furthermore, a meta-analysis of various studies 
confirmed that ALK rearrangements are associated with a 
higher risk of VTE in NSCLC patients, irrespective of the 
treatment effects[31]. In contrast, Lee et al. did not find a 
correlation between ALK or EGFR mutations and VTE risk 
in Asian patients with NSCLC. However, they did identify 
a correlation between molecular mutations and clinically 
diagnosed, although not computed, thorax pulmonary 
angiography-confirmed PE[32]. Dou F et al. reported a 
correlation between the increased risk of VTE in NSCLC 
patients and the presence of ALK gene mutations[13]. 
Several previous studies on VTE rates of NSCLC with 
ALK rearrangements either did not report any VTE cases 
or reported them in less than 5% of the patients[33,34]. Our 
study did not find a correlation between the presence of 
ALK gene mutations and VTE, which may be attributed 
to the difficulty in determining actual VTE rates due to 
underreporting[35].

In cancer patients, several factors contribute to an 
increased risk of thrombosis, such as gender, age, venous 
catheter use, prolonged bed rest, chemotherapy with or 
without adjuvant hormone therapy, surgical interventions, 
infections, and radiotherapy. VTE rates among cancer 
patients vary according to clinical factors, with tumor 
histopathological type and stage being the most significant 
determinants.

Alexander et al. conducted a study that revealed a 
higher risk of thromboembolism in patients diagnosed 
with LA compared to squamous cell carcinoma[36]. In our 
study, all patients had adenocarcinoma, and the risk of 
VTE was consistent with the literature, at 15.7%.

Studies have demonstrated an increased risk of VTE in 
older patients with lung cancer or other cancers[5]. Chew 
et al. found that patients under the age of 45 had a higher 
risk of developing VTE within 1  year after an NSCLC 
diagnosis[37]. Interestingly, Chew et al. also reported a 
higher risk of VTE in elderly patients[37]. The association 
between age and the occurrence of VTE in lung cancer 
remains a topic of debate, and further, research is needed 
to clarify this relationship.

Laboratory parameters such as low hemoglobin level, 
leukocytosis, elevated platelet count, and increased C-reactive 
protein levels have been associated with an increased 
risk of cancer-related thrombosis in lung cancer[29,38,39]. 
Kadlec et al.[40] observed that lung cancer patients with 
thromboembolic events had elevated platelet counts at 

the time of diagnosis, with a platelet count exceeding 
330,000, correlating with major thromboembolic events. 
On the contrary, Demirci et al.[41] did not find a significant 
correlation between vascular events and thrombocytosis in 
their study of lung cancer patients. Pedersen and Milman[42] 
analyzed platelet count data from a large primary lung cancer 
population (1178 patients) and observed a high prevalence 
of high platelet counts (32%) among these patients. They 
found that the rate of thromboembolism in patients with 
normal platelet counts was statistically similar to the rate 
in patients with thrombocytosis. Consequently, these 
authors suggested that thrombocytosis in cancer patients 
should not be considered a predisposing risk factor for 
thromboembolism[43]. In addition, various experts have 
found that D-dimer levels can predict DVT in cancer 
patients[43]. Shiina et al. discovered a high frequency of 
vascular invasion in the high D-dimer group[44]. In our 
study, we investigated the relationship between laboratory 
parameters and VTE and found that only a high D-dimer 
level was identified as a predisposing factor for VTE.

We acknowledge several limitations in our study. First, it 
is a retrospective and single-center study, which may affect 
the generalizability. Second, patients with PE, which was 
detected using computed tomography angiography (CTA) 
or ventilation-perfusion scintigraphy, were excluded from 
this study. However, most distal peripheral subsegmental 
embolisms may not be detectable by CTA alone. To obtain 
more accurate PE rates, simultaneous review of CTA and 
ventilation-perfusion scans should be performed in future 
prospective studies that larger prospective cohorts are 
needed for further research.

5. Conclusion
Our study revealed a VTE prevalence of 19.4% in mutation-
positive advanced-stage LA patients who did not receive 
prophylactic anticoagulant therapy. It was concluded that 
EGFR exon 21 mutation is an independent risk factor for 
VTE in LA.

Based on our findings, health-care providers should 
remain vigilant about VTE development in patients with 
EGFR exon 21 mutation-positive LA. This highlights 
the importance of screening, prophylaxis, and regular 
follow-up to detect and manage underlying VTE in this 
patient population.
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Abstract
Lacosamide is a third-generation anticonvulsant used in the treatment of epilepsy. While 
therapeutic levels for various patient subpopulations are still under investigation to 
achieve optimal responses, therapeutic drug monitoring has been proven to be useful 
in improving patient management. To ensure the reliability of results, it is essential to 
establish a reliable quantitative method. Thus, the aim of this study was to develop and 
validate a simple and feasible method for quantifying lacosamide in human plasma, 
with the specific aim of facilitating drug monitoring purposes. A  high-performance 
liquid chromatography method with ultraviolet detection was developed for the 
quantification of lacosamide in human plasma. Analyte recovery was achieved through 
ethyl acetate extraction, with propranolol serving as the internal standard. A  C18 
column and a mobile phase consisting of 10 mM phosphate buffer and acetonitrile 
(70:30 v/v, pH = 3.5) were employed. Validation parameters included specificity, linearity, 
repeatability, precision, accuracy, sensitivity, and stability. The method exhibited linearity 
within the range of 2.5 – 30 µg/ml (R2 = 0.997), with a limit of quantitation of 2.29 µg/ml. 
The average recovery percentage was 100.2%, and it proved to be accurate, precise, and 
specific. In plasma samples, the drug content remained stable for 72 h at 4°C, 1 month 
at −20°C, and 2 years at −80°C. The post-processed sample remained stable for 1 week 
under all tested conditions. Due to its simplicity, short analysis time, sensitivity, and 
cost-effectiveness, the proposed analytical method proves to be useful for therapeutic 
monitoring and pharmacokinetic studies of lacosamide.
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1. Introduction
Lacosamide is a third-generation antiepileptic drug (AED) used to treat epileptic seizures, 
both as monotherapy and in combination with other AEDs. Its primary mechanism of 
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action, which justifies its efficacy, involves the modulation 
of slow sodium channels[1]. Lacosamide is indicated for use 
in adults, adolescents, and children. Its pharmacokinetics 
include excellent bioavailability, a linear pharmacokinetic 
profile, and low plasma protein binding, with 60% hepatic 
elimination and 40% renal elimination[2].

While some authors have questioned the utility of 
therapeutic drug monitoring in the general population, 
citing the perceived predictability of plasma concentration in 
relation to the dose[3,4], others have documented the benefits 
of therapeutic drug monitoring. They argue for the necessity 
of measuring anticonvulsant concentrations to characterize 
individual pharmacokinetics and optimize patient drug 
regimens[5,6]. Preclinical studies have indicated the potential 
for plasma level variations if lacosamide clearance is 
affected[7]. Clinical evidence also supports the need for 
dose adjustments in patients co-administered with enzyme 
inducers or those experiencing impaired hepatic or renal 
function due to critical illnesses[8]. Furthermore, patients 
with dynamic physiology (the elderly, children, and pregnant 
women) present a challenge in establishing a single reference 
range, which remains a topic of debate in these populations[9].

Some of the reported analytical methods for the 
determination of lacosamide include ultraviolet spectroscopy 
(UVS), high-performance liquid chromatography 
(HPLC) with UV detection (HPLC-UV)[10], thin-layer 
chromatography (HPTLC), and HPLC-mass spectrometry[11]. 
However, the existing methods for the determination of 
lacosamide in human plasma exhibit various limitations, 
especially in low-resource settings where affordable 
analytical methods are a key factor for obtaining versatile 
and reliable results. Challenges associated with these 
methods include the absence of an internal standard[12,13], 
the necessity for more costly or unavailable reagents due to 
supply shortages, and the potential inefficiency of proposed 
sample treatments. The absence of an internal standard can 
affect the accuracy and precision of measurements, as well 
as the reproducibility of the results. The analyte recovery 
from the matrix is a significant source of variation in the 
analytical process; thus, it is critical for the success of the 
method and requires an adequate sample treatment. An 
unsatisfactory analyte recovery can cause a systematic 
error in the method, which affects not only accuracy and 
precision but also sensitivity and selectivity. Furthermore, 
obtaining inaccurate or imprecise analytical results may 
have implications for therapeutic drug monitoring, drug 
dosing recommendations, and patient safety.

These challenges prompted the development of an internal 
method with a focus on regional accessibility. This work 
presents the development, optimization, and validation of a 
simple, fast, cost-effective, reliable, and efficient HPLC-UV 

method for quantifying lacosamide in human plasma, 
intended for therapeutic monitoring purposes.

2. Materials and methods
2.1. Critical reagents and solvents

Lacosamide standard (generously donated by local industry 
[origin: Sigma-Aldrich, Ref. No. SML3059, purity >98%, 
Saint Luis, Missouri, USA]); propranolol hydrochloride 
standard (used as an internal standard, purchased from 
INAME, Control No.  190031, purity 100.2%, Buenos 
Aires, Argentina); HPLC-grade acetonitrile, HPLC-
grade methanol, analytical-grade hydrochloric acid, and 
ethyl acetate (SINTORGAN, Villa Martelli, Buenos Aires 
Argentina); MilliQ water; and monobasic potassium 
phosphate salt (CICARELLI, Buenos Aires, Argentina).

2.2. Equipment

Analytical balance (METTLER TOLEDO, model MS 
105), vortex mixer (Scientific Industries, Genie2 G560), 
magnetic stirrer (Thermo Scientific Cimarec Basic model 
S194615), ultrasonic bath (TestLab, model TB-010 TA), 
thermostatic bath (FAC, model Ballus), vacuum filtration 
system (Millipore), vacuum pump (Pascal, model PC-75), 
water purifier (Simplicity Millipore), centrifuge (IEC 
Centra-7R),  -80°C  freezer (Revco), pH meter (COLE 
PARMER, model 05669-29), and air compressor (Total 
Tools, industrial TTAC2506).

2.3. Chromatographic system

The analysis was performed using a THERMO 
SCIENTIFIC ULTIMATE 3000 HPLC system equipped 
with an autoinjector, column oven, and a diode array UV 
detector. A Phenomenex Kinetex C18, 100 A column with 
dimensions of 150 mm × 4.6 mm and a particle diameter 
of 2.6 µm was selected as the stationary phase. The mobile 
phase (MP) consisted of a 70:30  v/v ratio of 10 mM 
potassium phosphate buffer (KH2PO4) and acetonitrile, 
pH adjusted to 3.5 using hydrochloric acid (HCl). An 
isocratic elution method was employed with a flow rate of 
0.6 ml/min, an injection volume of 20 µL, and detection at 
a wavelength of 210 nm. Each sample had a total elution 
time of 10 min.

2.4. Method optimization

The optimized conditions encompassed the following 
parameters: The choice of the bonded phase (C8, C18), the 
composition of the mobile phase (organic solvent type and 
percentage, buffer type and pH), operational parameters such 
as flow rate, temperature, and wavelength, the nature of the 
internal standard, and the method for preparing the biological 
sample (either precipitation or liquid-liquid extraction).
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For the system suitability test, chromatographic 
parameters such as retention time, capacity factor, tailing 
factor, resolution, and column efficiency were assessed. 
These parameters were chosen to determine the method’s 
acceptability and were calculated according to the USP 
guidelines[14], utilizing typical chromatograms as the basis 
for evaluation.

2.5. Working solutions

Approximately 50  mg of lacosamide reference standard 
was accurately weighed and placed into a 50 ml volumetric 
flask. It was then dissolved and brought to volume with 
MilliQ water, creating a stock solution with a concentration 
of 1.0  mg/ml solution. Further dilutions were prepared 
from this stock solution.

In a 100 ml volumetric flask, exactly 50 mg of propranolol 
was added and brought to volume with acetonitrile. 
Subsequently, it was further diluted with MilliQ water to obtain 
a concentration of 50 µg/ml (internal standard solution).

2.6. Samples and controls

Freshly obtained plasma samples were stored at −20°C 
for subsequent use. A  plasma pool was then generated 
to prepare control solutions with predetermined 
concentrations of lacosamide, using the stock solution 
at the concentrations of 2.5  µg/ml, 5  µg/ml, 10  µg/ml, 
15 µg/ml, 20 µg/ml, and 30 µg/ml.

To each solution, 200 µL aliquots were taken, and 10 µL 
of an internal standard was added. The resulting mixture 
was vortexed for 15 s. Subsequently, 2 mL of ethyl acetate 
was added as the extraction solvent, followed by 1 min of 
vortexing and centrifugation at 3500 rpm for 10 min. The 
resulting organic phase was transferred to a glass tube and 
subjected to evaporation to dryness within a thermostatic 
bath set at 37°C , all conducted under an extraction hood. 
Finally, the dried extract was reconstituted in 200 µL of the 
mobile phase, and 20 µL of this solution was injected into 
the chromatographic system.

2.7. Validation

The validation parameters evaluated included specificity, 
linearity, repeatability, intermediate precision, 
accuracy, and stability, with adherence to the stipulated 
international[15,16] and national[17] guidelines. Data analysis 
was conducted using statistical software R[18].

2.7.1. Specificity

Specificity was evaluated through three tests:
(i)	 Analysis of plasma interferents: Five plasma samples with 

varying characteristics, including normal appearance, 
hemolysis, lipemia, and jaundice, were sourced from 

different samples. Each sample was processed as a blank 
to evaluate the presence of endogenous substances that 
might elute with lacosamide or the internal standard.

(ii)	 Analysis of forced degradation: Lacosamide solutions, 
devoid of the internal standard, were subjected to 
various reactions (oxidation, acid hydrolysis, alkaline 
hydrolysis, aqueous hydrolysis, and photolytic 
degradation). The resulting solutions were then used 
to prepare solutions with known concentration levels.

(iii)	Analysis of specificity against other drugs: Considering 
the possibility of polypharmacy in patients, some 
commonly used drugs, such as ibuprofen, paracetamol, 
diclofenac, and clonazepam, among others, were 
evaluated for specificity.

2.7.2. Linearity

To establish a linear-response range of the instrument within 
the clinically relevant concentration range (10 – 20 µg/mL), 
six lacosamide levels (2.5 µg/ml, 5 µg/ml, 10 µg/ml, 15 µg/ml, 
20 µg/ml, and 30 µg/ml) were prepared in triplicate, with 
the addition of the internal standard for all samples. The 
calibration curve for lacosamide was constructed by plotting 
the area ratio (lacosamide area/propranolol area) against the 
lacosamide concentration.

Subsequently, the calculation of correlation coefficient 
(r) and coefficient of determination (R2) was performed, 
followed by a linear regression analysis. This analysis 
included an assessment of the response factor, an evaluation 
of the statistical significance of the slope variance (Sb), and 
a test for proportionality (calculation of the relative zero 
intercept, calculation of its variance, and calculation of its 
confidence interval [CI]).

2.7.3. Precision

This parameter was evaluated in two ways:
(i)	 Repeatability: Six independent lacosamide samples 

were prepared at a concentration of 10  µg/ml 
(considered as 100% concentration). The internal 
standard was added to each sample, and they were 
analyzed in triplicate. The repeatability of the 
bioanalytical method was determined by calculating 
the coefficient of variation (CV%) of the response 
factors for the six evaluated samples.

(ii)	 Intermediate precision: Two analysts quantified 
lacosamide in two aliquots from the same sample on 
different days. Each analyst used a different instrument 
and chromatographic column, and the samples 
were processed following the technique explained 
earlier. The intermediate precision of the method was 
determined by calculating the CV% of the lacosamide 
concentrations obtained in the samples analyzed by 
the two analysts.
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For both precision analyses, a CV% of < 15% was used 
as the acceptance criterion.

2.7.4. Accuracy

Accuracy was evaluated by calculating the percentage 
of recovery. Triplicate samples of lacosamide in plasma 
were prepared at three different concentrations: 5 µg/ml, 
10 µg/ml, and 15 µg/ml. These samples were processed 
according to the described technique and injected in 
triplicate into the chromatograph.

The percentage of recovery was determined as the ratio 
between the measured concentration value and the theoretical 
concentration value. To analyze the results, a Student’s t-test 
with a significance level of P = 0.05 was employed. Data 
variability was investigated using the CV% and Cochran’s 
G test. The latter was used to determine whether the 
concentration level had any influence on the results.

2.7.5. Sensitivity

Sensitivity can be assessed by determining the Limit of 
Detection (LOD) and the Limit of Quantitation (LOQ). 
LOD and LOQ were calculated using Equation 1:

0 /K S b× � (I)

Where k = 3 for LOD and 10 for LOQ, S0 represents the 
standard deviation of the y-intercept, and b is the slope of 
the calibration curve.

2.7.6. Stability

The stability of the analyte of interest was evaluated in 
three sample stability assays:

(i)	 Short-term and long-term sample stability: 
Unprocessed samples were stored under various 
conditions, including room temperature (for 24  h, 
48 h, and 72 h), in the refrigerator at 4°C (for 24 h, 
48 h, and 72 h), in a freezer at −20°C (for 24 h, 48 h, 
72 h, 7 days, and 30 days), and in a freezer at −80°C 
(1 week, 1 month, 6 months, 1 year, and 2 years).

(ii)	 Post-processed sample stability: Samples were 
processed according to the analytical method and 
then stored under different conditions, including 
room temperature, in a refrigerator at 4°C, and in the 
freezer at −20°C for 24 h, 48 h, 72 h, and 1 week.

(iii)	Freeze-thaw stability: Samples were subjected to three 
freeze-thaw cycles (freezing in a −20°C and  -80°C 
freezer for 24 h each, followed by thawing).

In each of these assays, the obtained lacosamide 
concentration was compared with the initial (time zero) 
concentration. Samples were considered stable if their 
final time concentration remained above 90% of the initial 
concentration.

2.8. Lacosamide quantification in patients

Lacosamide quantification, utilizing the previously 
validated HPLC technique as described, was carried out on 
samples collected from five patients prescribed lacosamide 
for the treatment of epilepsy. Blood samples were collected 
during steady-state conditions while undergoing treatment. 
The first sample was collected before drug intake (trough 
level), and the second sample was collected 2 h after dosing 
(peak level). Informed consent was obtained from all 
patients as part of routine clinical care.

3. Results
3.1. Optimization

The following stationary phases were evaluated: a 
150 × 4.6 mm, 2.6 µm Kinetex-Phenomenex C8 column, 
a 250 × 4.6  mm, 5  µm Thermo C8 column, and a 
150 × 4.6 mm, 2.6 µm Kinetex-Phenomenex C18 column. 
Among these, only the Kinetex-Phenomenex C18 column 
achieved adequate resolution of both peaks.

The chromatographic conditions employed included 
a 70:30 ratio of 10 mM phosphate buffer (pH = 3.5) and 
acetonitrile. This composition facilitated lacosamide 
elution within 10  min without interferers. The column 
temperature was set at 30°C; deviations from this 
temperature resulted in system pressure variations 
(e.g., increased pressure at 25°C and elution front issues at 
40°C). Flow rates of 0.6 mL/min and 0.8 mL/min, except for 
the working pressure (2440 psi vs. 2880 psi, respectively). 
Nevertheless, employing a flow rate of 0.6 mL/min proves 
advantageous in preventing premature aging of a column. 
In addition, adjusting the pH of the phosphate buffer to 
3.0 contributes to stability and minimizes peak broadening 
compared to higher pH values[19].

Several internal standards, such as aminopyrine, 
benserazide, acetazolamide, sulfanilamide, caffeine, and 
propranolol, were examined. While most of them eluted very 
close to the front peak, propranolol was ultimately selected.

The wavelengths under evaluation were 210  nm, 
260 nm, and 290 nm, corresponding to local maxima in 
the UV absorption spectra. Optimal sensitivity for both 
molecules was observed at 210 nm.

In the context of sample treatment, various methods 
were employed. Protein precipitation was tested using 
perchloric acid at different dilutions (one-third, one-fourth, 
and one-fifth), in addition to acetonitrile and methanol. 
However, these preparations led to an underestimation 
of the true concentration and failed to achieve adequate 
resolution. Higher concentrations of precipitant 
resulted in tailing, while lower proportions introduced 
more plasma interferers. Subsequently, alternative liquid-
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liquid extraction solvents, including dichloromethane, 
cyclohexane, hexane, chloroform, methyl tert-butyl ether, 
and ethyl acetate, were evaluated. Ethyl acetate was selected 
due to its ability to provide stable and acceptable recovery 
percentages for both molecules.

Table  1 presents the results of the system suitability 
test for the pre-selected parameters, demonstrating that 
all values fall within acceptable limits. The characteristic 
chromatogram is depicted in Figure  1, while the UV 
absorption spectra of lacosamide and propranolol are 
illustrated in Figure 2.

3.2. Validation

All the results of the validation parameter evaluation are 
summarized in Table 2.

3.2.1. Specificity

When analyzing various types of plasma, including normal, 
hemolyzed, icteric, and hyperlipidemic plasma (Figure 3), 
a comparison was made between the non-specific peaks 
observed and the area of the lowest level of the curve of 
lacosamide and the internal standard area. In all cases, the 
non-specific peaks accounted for less than 10% of the total 
area. Furthermore, the retention times of both analytes did 
not overlap with those of commonly used drugs, as shown 
in Figure 4. In addition, forced degradation studies yielded 
optimal results (Figure 5).

3.2.2. Linearity

The equation of the linear model is as follows:

Area ratio = 2.4069 + 10272.1754 
× lacosamide concentration

� (II)

The coefficients R and R2 were 0.9985 and 0.9970, 
respectively, in accordance with the obtained linear 
regression curve.

The t-test for the slope (t exp: 73.4657) resulted in a 
value higher than the tabulated t-value for n-2 degrees of 
freedom at a significance level of P = 95% (t [4;0.05: 2.78]). 
This indicates that the slope is statistically different from zero. 
The total coefficient of variation of the response factors was 
<15%.

Conversely, the experimental t-value for the intercept 
(t  exp: 1.0242) was lower than the t (4;0.05) value, and 

Table 1. System suitability

Parameter Acceptance 
criteria

Results

Lacosamide Propranolol

Theoretical plates (n) >2000a 28845±549 30648±641

Tailing ≤2.0a 1.00±0.02 1.12±0.02

Resolution >2.0a 18.96±0.16

Capacity factor (K’) 1 – 20a 0.52 1.37

Retention time <10 minb 3.8 min 5.9 min

Repeatability of 
retention time (CV%)

<1.0b 0.05% 0.05%

Notes: aBy FDA requirement[20]. bEstablish by work group.

Figure 1. Characteristic chromatogram of lacosamide and propranolol in plasma.
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Figure 3. Specificity of different types of human plasmas, with the baselines presented from top to bottom. Lacosamide in water, lipemic plasma, jaundiced 
plasma, hemolyzed plasma, and normal plasma from different sources was used.

Figure  4. Specificity of ten drugs (1 – 10): enalapril, clonazepam, levetiracetam, acetaminophen, diclofenac, ibuprofen, lamotrigine, lacosamide, 
propranolol, and carbamazepine.

Figure 2. Ultraviolet spectral scanning of lacosamide (A) and propranolol (B).

BA
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Table 2. Summary of validation results

Parameters Tested items Specifications Results

Specificity Comparison of Rt with and without degradations, 
using different types of plasmas and other drugs

There were no interference 
peaks with areas>10% of 
analyte areas

Accepted

Repeatability CV% measuring <15.00% 6.76%

Intermediate 
precision

Date 2018 January 15 2018 January 18

Analyst Analyst 1 Analyst 2

Equipment Thermo Scientific 
Ultimate 3000

Shimadzu UFLC

Column Phenomenex Kinetex‑C18 
(4.6×150 mm – 2.6 μ)

YMC‑Pack ODS‑A 
(4.6×150 mm‑3 μ)

CV% measuring <15.00% 12.64%

Slope 10272.1754

Linearity Y‑intercept 2.4069

R measuring Positive correlation >r than 
tables for df=n‑2 and P=95%

R calculated: 0.9985
R tables (4;0,05): 0.811

R2 measuring >0.98 0.9970

Statistical significance of the slope Response factor CV% <15.00%

Statistical significance of 
the slope
Proportionality test

Sb relat. % ≤2.00% 4.73%

Slope CI 1.36%

Test t: t experimental >r from tables to 
df=n‑2 and P=95% (p<0.05)

Upper limit: 10660.4
Lower limit: 9884.0

CI of the y‑intercept Should include 0 T exp: 73.4657
T (4;0,05): 2.78
P=2 × 10‑16

Proportionality test
% average recovery

y‑intercept <2% Upper limit: 8.9319
Lower limit: ‑ 4.1180

Test t: t experimental <t from tables to df=n‑2 and 
P=95%
(P>0.05)

1.66%

100.2% T exp: 1.0242
T (4;0,05): 2.78
P=0.321

Accuracy Test t: t experimental <t from tables to df=n‑1 and 
P=95%

T exp: 0.43
T (8;0,05): 2.306

Test of equality of variances G<t from tables to α = 0.05% 
and K concentration and n 
replicates

G exp: 0.324609
G (9;3;0,05): 0.4775

CV% <15.00% 7.01%

Sensitivity Limit of detection
Limit of quantification

LOD: 0.69 µg/ml
LOQ: 2.29 µg/ml

Working range Concentrations within linearity, precision and 
accuracy are acceptable

2.5 – 30 µg/ml

Stability Short and long‑term stability Title≥90% from time 0 Not at room temperature.
Stable for 72 h at 4°C, for 1 month at−20°C and 
for 2 years at−80°C.

Stability of the post‑processed sample Title≥90% from time 0 Stable for 1 week at room temperature, at 4°C 
and at ‑20°C

Stability of freeze and thaw cycles Title≥90% from time 0 Not stable at ‑20°C
Stable for 2 cycles at ‑80°C

Notes: CI: Confidence interval; df: Degrees of freedom; N/A: Not applicable; Rt: Retention time; Sb: Slope variance.
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the CI 95% included the value zero, indicating that the 
intercept was not statistically different from zero.

3.2.3. Precision

In the evaluation of precision, the methodology 
performed adequately, with CV% values of 6.76% and 
12.64% in the repeatability test and the intermediate 
precision test, respectively. Both values were lower than 
the 15.00% limit.

3.2.4. Accuracy

This analysis revealed that the average recovery percentage 
was 100.2%, along with an experimental t-value lower than 
the tabulated one. In all cases, the CV% remained below 
15%, and the variances of the tested concentrations were 
equivalent, as evidenced by the experimental Cochran’s 
G value being lower than the tabulated one. Therefore, 
concentration does not significantly influence the 
variability of the results.

3.2.5. Sensitivity

We achieved 0.69 µg/ml for LOD and 2.29 µg/ml for LOQ.

3.2.6. Stability

The stability study revealed that unprocessed plasma 
samples containing lacosamide are not stable at room 
temperature and should be stored under cold conditions. 
The maximum storage times are summarized in Table 2. 
When processed using this analytical technique, the 
samples remain stable for 1  week under all storage 
conditions. Significant changes in areas are observed in 
samples subjected to freeze-thaw cycles, but this effect is 
primarily seen when exposed to −20°C.

3.3. Therapeutic drug monitoring of lacosamide in 
epileptic patients

The quantification of lacosamide was satisfactorily carried 
out in five adult patients. A total of 10 blood samples were 
obtained at steady-state, and lacosamide concentrations 
were measured using the previously developed and 
validated HPLC method (Table  3). The lacosamide dose 
ranged from 200 – 500 mg/day, and the measured plasma 
levels (troughs and peaks) ranged between 3.6 and 
13.8 ug/ml.

Figure 5. Comparisons of specificity in forced degradation studies.
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4. Discussion
Therapeutic drug monitoring services for AEDs remain 
limited in many countries, both in public and private 
institutions. Therefore, the development of a simple, 
reliable, and cost-effective quantitative method could 
improve accessibility for local laboratories and facilitate 
therapeutic optimization.

While there are publications on HPLC-mass and 
UHPLC approaches[21], the use of HPLC-UV is both cost-
effective and practical. However, previously published 
methodologies lacked reproducibility, necessitating the 
development of a novel approach. Some reported methods 
involve protein precipitation for deproteinization[10,22,23], 
but a satisfactory recovery of the analyte within the clinical 
range was only achieved through solvent extraction.

Propranolol, serving as an internal standard, is an 
affordable drug widely available for purchase. It has proven 
to be useful not only for this lacosamide method but also 
for analyzing other anticonvulsants in our laboratory.

The method presented here demonstrated specificity, 
as no interferences were found under matrix conditions 
(normal plasma, hemolyzed plasma, hyperlipemic 
plasma, etc.) or in the presence of commonly used drugs 
(diclofenac, ibuprofen, etc.) or other anticonvulsants. This 
outcome is particularly desirable given the variations in 
patient treatments and individual circumstances.

The linearity of the method was verified within the 
concentration range of 2.5 – 30.0  µg/ml for lacosamide, 
which encompasses the clinically relevant concentration 
range (10 – 20  µg/mL). In this model, 99.70% of the 
variation in the area ratio was accounted for by variations in 
lacosamide concentration. The total coefficient of variation 
of the response factors met the specifications, and a LOD of 
0.69 µg/ml was achieved. This level of sensitivity enables the 
quantification of lacosamide levels below the reference range, 

which is crucial in assessing adherence, potential interactions, 
suspected treatment failure, or subtherapeutic responses 
resulting from variations in the drug’s pharmacokinetics or 
pharmacodynamics. In addition, the wide range allows the 
study of lacosamide’s pharmacokinetic behavior in treated 
patients and the assessment of concentration-response 
variability across diverse populations.

The stability study revealed that the unprocessed 
sample maintains its integrity for up to 1 month at −20°C 
or 2 years at −80°C. Once processed, the sample exhibited 
excellent stability even at room temperature, allowing for 
reanalysis if necessary. However, it does not withstand 
more than two cycles of freezing at −80°C (never at −20°C) 
and subsequent thawing. These findings provide valuable 
insights for working under good laboratory practice 
conditions. This involves considering not only sample care 
but also the well-being of routine patients participating in 
clinical research.

While it continues to be a topic of discussion, the 
previous works[5] have suggested that a minimum plasma 
level (trough level) of 10  ug/ml is required to ensure 
clinical efficacy. The methodology used in the present study 
successfully detected clinically useful therapeutic levels. As 
expected, non-responder patients exhibited blood levels 
below the therapeutic range. It was also noteworthy that a 
patient classified as a responder achieved therapeutic effects 
with lower trough levels than the recommended threshold. 
Despite the small sample size, which was primarily aimed 
at assessing the method’s utility, these results highlight 
the importance of establishing blood drug monitoring 
protocols to optimize lacosamide therapy. Furthermore, 
this approach will enable a deeper understanding of the 
prerequisites necessary to ensure its clinical efficacy and its 
behavior in diverse populations.

Therefore, this analytical methodology is a useful tool 
with the potential for future adaptation to determine 

Table 3. Summary of patient plasma levels of lacosamide

Subjects Body mass index (Kg/m2) Gender Response to treatment Daily dose (mg/day) Pre‑ or post‑dose Level (ug/ml)

1. 35.4 Female Resistant 500 Pre 9.1

Post 13.5

2. 22.6 Female Responsive 200 Pre 8.1

Post 13.8

3. 32.3 Male Resistant 400 Pre 8.9

Post 13.4

4. 23.7 Male Resistant 400 Pre 3.6

Post 5.4

5. 27.6 Male Responsive 500 Pre 12.5

Post 13.6
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lacosamide in other biological matrices, such as saliva[24] 
or urine[25].

5. Conclusion
The proposed HPLC-UV analytical method has 
demonstrated specificity for the target analyte and has 
demonstrated adequate accuracy, precision, and linearity 
within the clinically relevant concentration range. 
Therefore, it holds value to be used in pharmacokinetic 
studies and therapeutic drug monitoring of lacosamide 
due to its simplicity, short analysis duration, appropriate 
sensitivity, and cost-effectiveness.
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Abstract
Severe adverse events, including autoimmune diseases, have been noted in some 
individuals following vaccination. It is still unknown whether a subset of these 
autoimmune disease adverse events (ADAE) is triggered by the immunization and 
is not background chance occurrences. Only a small fraction of adverse events 
experienced by vaccinees has been reported to the Vaccine Adverse Event Reporting 
System (VAERS) database. In this study, ADAEs within VAERS are examined. The 
frequency of autoimmune disease adverse reactions reported immediately following 
vaccination was compared to the background population adverse event frequency. 
The frequency of immediate-onset autoimmune diseases, extracted from VAERS, 
arisen after vaccination was found to exceed the expected background occurrences. 
Vaccinees who receive a second COVID-19 mRNA vaccination dose 3 weeks after the 
first dose appear to experience an increased number of ADAE. Furthermore, human 
papillomavirus (HPV), hepatitis A, and hepatitis B vaccines exhibit distinctive patterns 
of associations with autoimmune diseases. The potential role of vaccine aluminum 
adjuvant, included in these vaccines, cannot be ruled out as contributing to ADAE. 
VAERS data illustrate immediate onset correlations for multiple autoimmune 
diseases across various vaccines. Autoimmune diseases immediate temporal onset 
associations that occur following COVID-19 mRNA and adenoviral vaccinations are 
predicted to occur with similar frequencies for all mRNA and adenoviral vaccines and 
therapeutics. Taken together, removal of aluminum adjuvants from HPV, hepatitis A, 
and hepatitis B vaccines, among others, should be considered in the effort to reduce 
the occurrence of immediate-onset autoimmune diseases.

Keywords: Autoimmune diseases; Vaccines; COVID-19 vaccines; Human papillomavirus 
vaccines; Hepatitis vaccines; Aluminum adjuvant

1. Introduction
Adverse events following immunization (AEFI) occur with many vaccines. These events 
encompass adverse events caused by immunization as well as unrelated background 
occurrences. The likelihood of reporting them as AEFI decreases as the time between 
immunization and the onset of autoimmune disease increases, creating a time bias in 
reporting, with a decreasing pattern over time. Following immunization, autoimmune 
diseases occur at background population frequencies unrelated to the immunization 
itself. The number of background AEFIs should ideally be proportional to autoimmune 
disease population frequencies for each vaccine dose administered to vaccinees. This 
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can be calculated as the background rate multiplied by the 
number of days examined, with adjustments for reporting 
bias. The United States Vaccine Adverse Event Reporting 
System (VAERS) database collects AEFI reports[1], which 
represent a sample (i.e., subset) of the actual number of 
adverse events estimated by the underreporting factor 
(URF). Deviations from background population patterns 
in the VAERS data serve as indicators of relationships 
between immunization and the adverse event(s).

Possible associations between autoimmune diseases 
and immunization have been reported in several 
studies[2-4]. For example, Guillain-Barré syndrome (GBS) 
has been linked to influenza vaccination[5-7], narcolepsy 
to the 2009 H1N1 influenza vaccine[8], and immune 
thrombocytopenia (ITP) to various vaccinations[9-11]. 
In addition, multiple autoimmune diseases have been 
reported following COVID-19 vaccination[12-21]. Some 
researchers have explored the concept of autoimmune 
(auto-inflammatory) syndrome induced by adjuvants 
(ASIA), implicating adjuvants such as aluminum[22] and 
mercury. Watad et al.[23] have provided an overview of 
thyroid autoimmunity within the ASIA framework. 
However, it is important to note that other studies have 
found no significant associations between autoimmune 
diseases and vaccinations[24-26]. Detecting potential 
adverse events related to immunization amid a backdrop 
of background adverse events can lead to observations 
of both correlation and no correlations. Distinguishing 
possible adverse events triggered by immunization requires 
the identification of distinctive signals that set them apart 
from background adverse events. Possible signals may be 
overlooked as the number of days considered increases, 
potentially overshadowing association signals by extending 
the considered time frame and consequently elevating the 
expected number of background events.

In this study, VAERS data were examined to assess the 
relationships between autoimmune disease adverse events 
(ADAE) and vaccines. Varying frequencies of multiple 
immediate-onset autoimmune diseases were observed in 
response to different vaccines. These observed correlation 
patterns of immediate onset are inconsistent with the notion 
that these autoimmune diseases are solely background 
occurrences. Furthermore, an increase in reports of ADAE 
was observed in association with the second dose of the 
Pfizer-BioNTech COVID-19 mRNA vaccine (tozinameran, 
also known as BNT162b2/Comirnaty), occurring 3 weeks 
after the initial dose. Associations of vaccine platforms 
with numerous autoimmune diseases are apparent for 
both mRNA and adenoviral COVID-19 vaccines. When 
comparing unrelated vaccines, it is predicted that the 
likelihood of immediate autoimmune disease onset 
exceeds a certain threshold, particularly in individuals 

at risk, in proportion to the strength of immune system 
stimulation (e.g., vaccine reactogenicity[27]). Based on 
similar ADAE patterns observed for tozinameran (mRNA 
vaccine), Moderna mRNA-1273 elasomeran (mRNA 
vaccine), and Janssen Ad26.Cov2.S (adenoviral vaccine), 
it is predicted that the frequencies of ADAE observed for 
COVID-19 vaccines will be comparable across all mRNA 
and adenoviral vaccines and therapeutics in proportion 
to the level of stimulated immune system response. 
Understanding the etiology and relationships between 
ADAE and vaccines can inform strategies for minimizing 
the risk of ADAE occurrences. These strategies may include: 
(i) Extending the interval between immunizations within a 
dose series to at least 4 weeks (or longer), (ii) eliminating 
aluminum adjuvants and mercury excipients from vaccines, 
(iii) considering lower-reactogenicity alternatives to mRNA 
and adenoviral platforms, and so forth.

2. Materials and methods
2.1. VAERS data mining

The VAERS database underwent data mining to identify 
autoimmune adverse events, including: Acute disseminated 
encephalomyelitis, alopecia, ankylosing spondylitis, 
antiphospholipid syndrome, arthritis, autoimmune 
disorder, autoimmune hemolytic anemia, autoimmune 
hepatitis, autoimmune thyroiditis, Behcet’s syndrome, Bell’s 
palsy, chronic fatigue syndrome, chronic inflammatory 
demyelinating polyradiculoneuropathy, chronic lymphocytic 
leukemia, complex regional pain syndrome, Crohn’s disease, 
dermatomyositis, diabetes mellitus, eczema, encephalitis 
autoimmune, endometriosis, erythema nodosum, giant 
cell arteritis, glomerulonephritis, granulomatosis with 
polyangiitis, GBS, Henoch-Schonlein purpura, hidradenitis, 
hypogammaglobulinaemia, idiopathic pulmonary fibrosis, 
IgA nephropathy, ITP, juvenile idiopathic fibrosis, Kawasaki’s 
disease, Lichen planus, Lichen sclerosus, Lyme disease, 
Meniere’s disease, Miller Fisher syndrome, mixed connective 
tissue disease, multiple sclerosis, multiple sclerosis relapse, 
myasthenia gravis, myositis, narcolepsy, neuromyelitis optica 
spectrum disorder, neutropenia, optic neuritis, pemphigus, 
polymyalgia rheumatica, polymyositis, postural orthostatic 
tachycardia syndrome, psoriasis, psoriatic arthropathy, 
Raynaud’s phenomenon, restless legs syndrome, rheumatoid 
arthritis, sarcoidosis, scleritis, scleroderma, Sjogren’s 
syndrome, Still’s disease, systemic lupus erythematosus, 
Type 1 diabetes mellitus, Type 2 diabetes mellitus, uveitis, 
vasculitis, and vitiligo. The downloaded VAERS data include 
all adverse events reported from 1990 to May 19, 2023. The 
Ruby program, named vaers_slice2.rb[27,28], was used to tally 
selected reported vaccine adverse events based on vaccine 
type and the day of onset. The vaers_slice2.rb program takes 
a list of one or more adverse events for characterization, 
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summarizing them from the yearly VAERS Symptoms, Vax, 
Data files spanning from 1990 to 2023, and NonDomestic. 
The output generated by vaers_slice2.rb consists of six reports: 
Summaries categorized by vaccine, annual summaries, 
summaries based on the age of vaccinees, summaries 
categorized by day of symptom onset, which is further 
divided by (i) dose and gender and (ii) vaccine name/type, 
and two summaries covering additional reported symptoms 
(selected symptoms and all other symptoms). For tables and 
figures, adverse events associated with diphtheria, tetanus, 
and pertussis vaccines are combined under “DTAP/TDAP,” 
influenza vaccines are consolidated as “FLU,” hepatitis A and 
B vaccines are represented as “HEP,” human papillomavirus 
(HPV) vaccines are grouped as “HPV,” and pneumococcal 
vaccines are consolidated as “PNC.” Microsoft Excel was 
used for creating figures.

2.2. AEFI

AEFI can be represented as the sum of two components: 
Immunization-associated adverse events (if any) and 
background occurrences of adverse events. These 
adverse events diminish due to reporting bias as the time 
since immunization increases. This relationship can be 
represented mathematically for a group of vaccinated 
people (P) by considering reporting bias (ri) for the ith 
day post-immunization, the vaccine-associated adverse 
events reported on the ith day post-immunization (vi), and 
the background rate of adverse events (bX) for a single day 
(Equations I–III).

( ) = = +Adverse events    X X XX AE V B � (I)

=

= ∑
 

0

  
n days

X X
i i

i

V r v P � (II)

=

= ∑
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n days

X X
i i

i

B r b P � (III)

If immunization does not lead to any autoimmune 
adverse events (X), this simplifies to Equation IV:

( )
=

= = ∑
 

0

Adverse events  
n days

X X
i

i

X B rb P � (IV)

The first 24 h following vaccination can be examined to 
derive the term 

0
Xv  (Equations V and VI):

( ) = = +0 0 0Adverse events X within 24 h  ( )X X XAE r v b P � (V)

Immunization-associated adverse events (X) become 
detectable when >0 0Xv  (when the number of adverse 
events exceeds the background rate within the first 24  h 
of immunization). By comparing the frequency of reports 

of common adverse events in the clinical trial(s) to the 
frequency of VAERS reports, valuable insights into the 
values of reporting bias (ri) can be gained.

2.3. VAERS URF estimate

By June 1, 2023, COVID-19 vaccine doses administered 
included 366,979,906 tozinameran, 232,147,784 
elasomeran, and 19,007,537 Ad26.Cov2.S. Considering 
898,860 common adverse events reported in VAERS, 
with an average of 35% (combining averages of 47.4% 
and 22.8% for fatigue after doses 1 and 2) of vaccinees 
experiencing headache, fatigue, pyrexia, chills, and/or pain, 
the estimation of VAERS underreporting is represented in 
Equation VII and subsequently applied in Equation VIII:

=

 %

Vaccine doses * (faction common adverse events) 
VAERS common adverse events

common AEsUDF

� (VII)

= =35%
617,135,227 doses *0.35 241

 898,860
UDF � (VIII)

3. Results
3.1. VAERS data mining results

Reports from Vaers_slice2.rb were generated for selected 
autoimmune diseases in VAERS, and Figures  1 and 2 
illustrate ADAEs for vaccines with the highest reported 
cases by day of onset.

The vaccine types associated with the highest 
number of multiple ADAE reported are summarized 
in Table  S1. Comparisons of the frequency of vaccine-
associated ADAE to background rate estimates are found 
in Table  S2. Regarding COVID-19 ADAEs, VAERS 
includes reports of ADAE for two different types of 
vaccines: mRNA (elasomeran and tozinameran) and 
adenoviral (Ad26.Cov2.S). The contributions of ADAE by 
individual COVID-19 vaccines are illustrated in Table  1. 
For GBS, Ad26.Cov2.S represents 3.1% of the vaccine 
doses administered but accounts for 16.2% of the GBS-
related adverse events reported — 91 expected based on 
elasomeran and tozinameran ([657 + 2,200]/0.97 = 91) 
but 554 GBS ADAEs were reported (Table 1). The initial 
immunization of COVID-19 mRNA vaccines involved a 
two-dose series, with 3 weeks (tozinameran) and 4 weeks 
(elasomeran) between doses. The ratio of autoimmune 
adverse events when comparing dose 2 to dose 1 for these 
COVID-19 vaccines is presented in Figure 3.

4. Discussion
Numerous articles have suggested potential associations 
between immunization and autoimmune diseases[2-21], 
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while other opposing articles contend that no such 
associations can be detected[24-26]. When considering any 

immunization, the number of adverse events (AEX), if 
there are any vaccine-caused adverse events (VX) in a 

Figure  1. Day of onset of autoimmune diseases after administration of selected vaccines (1 of 2). Vaccine labels: COVID-19: COVID-19 vaccines; 
FLU:  Influenza vaccines; HEP: Hepatitis A and hepatitis B vaccines; HPV: Human papillomavirus; VARZOS: Varicella-zoster vaccines. Autoimmune 
disease labels: Lupus: Systemic lupus erythematosus; POTS: Postural orthostatic tachycardia syndrome.

Figure  2. Day of onset of autoimmune diseases after administration of selected vaccines (2 of 2). Vaccine labels: COVID-19: COVID-19 
vaccines; FLU: Influenza vaccines; HEP: Hepatitis A and hepatitis B vaccines; HPV: Human papillomavirus; VARZOS: Varicella-zoster vaccines. 
Autoimmune disease labels: ADEM: Acute disseminated encephalomyelitis; CIDP: Chronic inflammatory demyelinating polyneuropathy.
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population sample, remains constant. However, the sum 
of background adverse events (BX) is proportional to the 
number of days considered. Hence, it is always possible 
to find no associations by increasing the number of days 
examined (e.g., by selecting a timespan where BX>VX since 
VX remains constant while BX increases with time).

Following immunizations, the occurrence of autoimmune 
diseases is expected to align with population background 

rates unrelated to immunization. Any autoimmune 
diseases resulting from immunization are in addition to 
these background events. Vaccines with the highest ADAEs 
in VAERS are summarized in Table S1 and Figures 1 and 2. 
Following immunization, ADAE reports are anticipated to 
decrease over time, a phenomenon referred to as reporting 
bias. Most ADAE reports in VAERS indicate symptom onset 
within 24 h of immunization (Figures 1 and 2, Table S2). 

Table 1. Autoimmune adverse events and doses by COVID‑19 vaccine. VAERS data include adverse event reports from 1990 to 
May 19, 2023

Adverse event COVID‑19 Ad26.Cov2.S COVID‑19 elasomeran COVID‑19 tozinameran

Administered doses 19,007,537 (3.1%) 232,147,784 (37.6%) 366,979,906 (59.4%)

Alopecia 220 (5.5%) 1,174 (29.6%) 2,570 (64.8%)

Arthritis 204 (4.9%) 1,277 (30.6%) 2,692 (64.5%)

Bell’s palsy 343 (4.7%) 1,981 (27.1%) 4,980 (68.2%)

Guillain‑Barré syndrome 554 (16.2%) 657 (19.3%) 2,200 (64.5%)

Immune thrombocytopenia 108 (6.6%) 383 (23.3%) 1,155 (70.2%)

Rheumatoid arthritis 109 (3.2%) 824 (24.4%) 2,443 (72.4%)

Note: The percentages in parentheses represent the proportion of this adverse event by vaccine.

Figure 3. The autoimmune disease adverse event ratios after COVID-19 vaccines dose 2 versus dose 1 administration. Labels of autoimmune diseases: 
POTS: Postural orthostatic tachycardia syndrome.
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Table S2 illustrates reporting bias values (r0) of 1/20 and 
1/40; however, based on the frequency of VAERS reports 
related to common adverse events of COVID-19 vaccines, 
the r0 (URF) for these vaccines (Equation VIII) could be 
closer to 1/241. If r0 is indeed close to 1/241, then many of 
the detected COVID-19 ADAEs (Table S1) hold significant.

Primary and secondary humoral immune responses, 
with the amplification of B-cell antibodies, increase over a 
period of multiple days (peaking around 7- – 11-day post-
immunization). Observed ADAEs (Table S1) that occur 
within 24  h after immunization cannot be attributed to 
either primary or secondary humoral immune responses 
(the immediate timespan is inconsistent with humoral 
immune responses). Immediate ADAEs are more 
consistent with the hypothesis of autoimmune disease 
threshold being exceeded due to immune dysregulation on 
a rapid timescale post-immunization.

4.1. COVID-19 mRNA and adenoviral vaccines

Most COVID-19 vaccines available on the market are the 
novel mRNA and adenoviral vaccines, and both of these 
vaccine platforms have been associated with multiple 
ADAE (Table 1). For both Ad26.Cov2.S and tozinameran 
vaccines, the percentage of associated ADAE is higher 
than the elasomeran vaccine. For instance, for the Ad26.
Cov2.S vaccine, GBS accounts for 16.2% of the adverse 
events but represents only 3.1% of the COVID-19 vaccine 
doses (Table  1). All three of these COVID-19 vaccines 
contribute to the combined COVID-19 results reported 
in Table S1. Of particular note is the high percentage of 
Bell’s palsy occurrence when compared to other vaccines 
(Table S1). In comparison to widely provided vaccines 
like influenza and others, COVID-19 immunizations 
show a broad association with many autoimmune diseases 
(Table S1). Furthermore, high percentages of these ADAEs 
are reported within 24 h of immunization (Table S1).

The timing of mRNA vaccine doses appears to be 
important for ADAE onset (Figure  3). Specifically, the 
tozinameran mRNA COVID-19 vaccine exhibits a higher 
number of ADAE reports for 30 out of 32 autoimmune 
adverse events for dose 2 compared to dose 1, with a ratio 
>1.0. In 29 of these cases, the ratio >1.1, with Bell’s palsy 
being the only exception (ratio = 0.79) (Figure 3). On the 
other hand, the elasomeran mRNA COVID-19 vaccine 
shows seven vaccines with ratios >1.0 and three vaccines 
>1.1. Notably, the elasomeran vaccine contained 100 
micrograms of mRNA, with 4 weeks between the first and 
second vaccine doses, whereas the tozinameran vaccine 
contained 30 μg of mRNA, with only 3  weeks between 
the first and second vaccine doses. The higher ADAE 
ratios observed for the tozinameran vaccine compared 

to elasomeran vaccines (Figure 3) suggest that increasing 
the time between first and second doses for this vaccine 
to at least 4 weeks or longer would likely decrease the dose 
2 to dose 1 ratio, as observed in Figure 3. This extended 
interval is predicted to help mitigate higher non-specific 
amplification observed for the tozinameran COVID-19 
vaccine when the second dose is administered just 3 weeks 
after the first dose (Figure 3).

These COVID-19 vaccines appear to induce immediate-
onset ADAEs, which are consistent with subsets of at-risk 
vaccinees exceeding the disease onset thresholds for 
a broad spectrum of autoimmune diseases (Table S1). 
Based on the onset data reported in VAERS, the highest 
risks appear to be immediately post-immunization, 
especially for at-risk vaccinees. By design, both mRNA and 
adenoviral vaccine platforms elicit high levels of expression 
of the SARS-CoV-2 spike protein, which is foreign to the 
immune systems, effectively stimulating strong immune 
responses. COVID-19 ADAEs associated with 33 
autoimmune diseases/groups are summarized in Table S1. 
The observed patterns of immediate-onset frequencies, 
common to all ADAEs (Figures 1 and 2, Table S1), suggest 
the possibility of unintended immune responses triggering 
these ADAEs. These frequency patterns are consistent with 
the hypothesis of bystander or polyclonal activation but 
not epitope molecular mimicry[2] (as there is insufficient 
time for adaptive immune responses to vaccine epitopes). 
Note that Guo et al.[15] have considered molecular mimicry, 
adjuvants, and bystander activation. In examining the 
etiology of COVID-19 vaccine ADAEs, Table S1 presents 
data on 33 different autoimmune diseases with immediate 
onset, indicating an immediate effect rather than a direct 
result of the expressed spike protein or possible shared 
epitopes. Differences in age distributions among vaccinees 
for selected autoimmune diseases are illustrated in 
Figure  4. The demographic characteristics of individuals 
experiencing these ADAEs are consistent with the 
amplification of pre-existing mechanisms, especially for 
individuals at higher risk of developing these autoimmune 
diseases. For instance, polymyalgia rheumatica, one of the 
COVID-19 ADAEs, is predominantly reported in older 
adults[29] (Figure 4).

4.2. HPV vaccines

The HPV vaccines contain aluminum as an adjuvant[3]. 
While aluminum has a long history of use in vaccines, 
it is also associated with neurotoxicity[3,22]. In mice, 
macrophages have been shown to transport aluminum 
to lymph nodes, spleen, liver, and brain[30]. Regarding 
the correlation of HPV vaccines with adverse events, it 
is noteworthy that temporal onset correlations exist with 
multiple ADAEs (Table S1). Among these, the ADAEs with 
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the highest descending order of correlations, expressed as 
a percentage of common adverse events, include postural 
orthostatic tachycardia syndrome (POTS) (1.91%), 
alopecia (1.72%), multiple sclerosis (0.87%), chronic 
fatigue syndrome (0.83%), systemic lupus erythematosus 
(0.70%), GBS (0.59%), narcolepsy (0.34%), complex 
regional pain syndrome (0.30%), arthritis (0.30%), optic 
neuritis (0.24%), rheumatoid arthritis (0.22%), uveitis 
(0.21%), eczema (0.21%), juvenile idiopathic arthritis 
(0.20%), Raynaud’s phenomenon (0.20%), restless legs 
syndrome (0.20%), Crohn’s disease (0.17%), Type  1 
diabetes mellitus (0.16%), autoimmune thyroiditis (0.15%), 
acute disseminated encephalomyelitis (0.14%), vasculitis 
(0.14%), Lyme disease (0.13%), and Sjogren’s syndrome 
(0.11%) (Table S1). Furthermore, it is important to 
highlight that multiple ADAEs manifest with neurological 
implications. Multiple autoimmune diseases have been 
reported in case reports following HPV immunization, 
including POTS[31], systemic lupus erythematous[32], 
myasthenia gravis[33], complex regional pain syndrome 
(CRPS)[34], arthritis and rheumatoid arthritis[32], uveitis[35], 
vasculitis[36], and pseudoneurological syndrome[37]. In 
addition, antinuclear antibodies were found to be enriched 
in patients with autoimmune-like symptoms following 
HPV vaccination[38]. The ADAEs associated with HPV 
vaccination present as non-random signals higher than 
the expected background ADAEs (Table S2). Several of 
these ADAEs, such as POTS, multiple sclerosis, chronic 
fatigue syndrome, systemic lupus erythematous, GBS, 
narcolepsy, CRPS, optic neuritis, restless legs syndrome, 
acute disseminated encephalomyelitis, and myasthenia 
gravis, are neurological in nature. This raises concerns 
given that HPV vaccines include the aluminum adjuvant, 
which is known to be neurotoxic[3,22]. To date, other 

possible components within HPV vaccine contributing 
to the etiology of these neurological adverse events have 
not been identified. It is a clinically testable hypothesis 
that reducing or eliminating the aluminum adjuvant from 
HPV vaccines might mitigate or eliminate these ADAEs. 
The observed ADAEs associated with HPV vaccine exhibit 
a unique pattern, which does share some similarities with 
those linked to hepatitis A and B (HEP) vaccines.

4.3. Hepatitis A and B vaccines

Similar to HPV vaccines, HEP vaccines also contain 
aluminum as an adjuvant[39]. The highest frequencies of 
ADAEs associated with HEP vaccines, expressed as a 
percentage of common adverse events, include multiple 
sclerosis (1.18%), arthritis (0.73%), rheumatoid arthritis 
(0.43%), alopecia (0.40%), optic neuritis (0.35%), vasculitis 
(0.32%), systemic lupus erythematosus (0.31%), GBS 
(0.29%), eczema (0.27%), uveitis (0.27%), chronic fatigue 
syndrome (0.14%), and more (Table S1). Furthermore, 
there have been case reports of multiple autoimmune 
diseases following HPV immunization[40], encompassing 
conditions such as arthritis and rheumatoid arthritis[41,42], 
alopecia[43], optic neuritis[44,45], vasculitis[46,47], systemic 
lupus erythematosus[48], and GBS[49]. In addition, there 
was a previous report suggesting a potential association 
between the hepatitis B vaccine and multiple sclerosis[50], 
although it was subsequently found to have a strong family 
history of multiple sclerosis, with an overrepresentation of 
the HLA-DR2 antigen (as reviewed in Pordeus et al.[51]). 
The frequency pattern of ADAEs for HEP vaccines appears 
different from that of ADAEs for HPV vaccines (Table S1), 
possibly implicating aluminum[22] in combination with 
additional factors contributing to the etiologies of ADAEs 
associated with these vaccines. Similar to HPV vaccines, 
the presence of multiple sclerosis, optic neuritis, systemic 
lupus erythematosus, GBS, and chronic fatigue syndrome 
as ADAEs establishes a set of neurological ADAEs 
associated with HEP vaccines. Moreover, like HPV 
vaccines, HEP vaccines also incorporate aluminum as 
an adjuvant. Therefore, it is plausible that to consider the 
reduction or elimination of aluminum from HEP vaccines 
as clinically testable approach to potentially reduce the 
occurrence of neurological and other ADAEs associated 
with HEP vaccines.

4.4. Influenza, pneumococcal, and varicella-zoster 
vaccines

Influenza displays the strongest association with GBS[5-7]. 
Moreover, GBS appears to be associated with multiple 
vaccines, including HPV, varicella-zoster, HEP, and others 
(Tables S1 and S3). The pneumococcal (PNC) vaccine 
demonstrates significant associations with eczema, 

Figure  4. The age of COVID-19 vaccinees experiencing various 
autoimmune disease adverse events.
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Kawasaki disease, neutropenia, and GBS (Table S1). In 
the case of influenza, there is a possibility of slight epitope 
molecular mimicry, which may be more pronounced for 
specific influenza strain protein(s) included within yearly 
vaccines. However, for other vaccines, the associations with 
GBS might align more with the hypothesis of bystander 
or polyclonal activation, and the likelihood of epitope 
molecular mimicry appears lower. In addition to the PNC 
vaccine (0.43%), 6VAX-F (diphtheria and tetanus toxoids 
and acellular pertussis absorbed + inactivated poliovirus + 
hepatitis B + Haemophilus B conjugate vaccine) (1.78%), 
RV (rotavirus vaccine) (0.83%), MENB (meningococcal 
group  B, rDNA absorbed vaccine) (0.69%), and HIBV 
(Haemophilus influenzae Type B vaccine) (0.23%) vaccines 
exhibit significant temporal onset associations with adverse 
events related to Kawasaki disease (Table S3). Despite 
the unknown etiology of Kawasaki disease, the observed 
associations with multiple vaccines represent unexpected 
observations. One proposed hypothesis suggests that 
high-titer antibodies capable of activating mast cells may 
play a key role in the etiology of Kawasaki disease[52,53]. 
It is plausible that immunizations for these vaccines may 
activate mast cells due to the high titers of immunization-
stimulated antibodies binding to vaccine antigens. 
Consequently, therapeutic approaches targeting activated 
mast cells may hold promise for patients experiencing 
vaccine-associated Kawasaki disease[52,53].

4.5. Patients with pre-existing autoimmune diseases

Immunosuppressed individuals and those with 
autoimmune diseases are advised to consult with licensed 
medical professional regarding suitable vaccine candidates. 
It is important to note that live-attenuated vaccines 
are not recommended for patients with autoimmune 
inflammatory rheumatic diseases, especially those who are 
immunosuppressed[54]. In the work of Frasca et al.[55], there 
is a debate concerning the necessity of COVID-19 vaccines 
for individuals with autoimmune diseases as well as for the 
general population. It is worth highlighting that impaired 
immunogenicity to COVID-19 vaccines has been reported 
in individuals with autoimmune systemic diseases[56], 
although there have been reports of vaccine efficacy in 
patients with autoimmune hepatitis[57]. In the consideration 
of candidate treatments, relevant information needs to be 
provided to ensure that informed consent requirements 
have been met while carefully weighing the risks against 
the benefits.

4.6. Study limitations

This study is based on adverse events reported to the VAERS 
database, which are considered a subset of all adverse 
events experienced by vaccinees. Any reporting biases 

or exclusion of reported adverse events would perturb 
the accuracy of VAERS in representing the immunized 
populations. By comparing the relative proportions of 
adverse events with large clinical trial datasets, we can 
detect possible perturbations in the VAERS dataset.

4.7. Study recommendations

The risks associated with developing autoimmune diseases 
following vaccinations may be mitigated through the 
following measures: (i) Evaluating alternative vaccine and 
therapeutic platforms to either avoid or minimize the use 
of mRNA and adenoviral platforms, and (ii) increasing the 
time between mRNA vaccine doses to 4 weeks or longer, 
and perhaps (iii) removing aluminum adjuvants and 
mercury excipients from vaccines.

5. Conclusion
Autoimmune diseases appear to be triggered by specific 
vaccines in some vaccinees (COVID-19 vaccine: alopecia, 
Bell’s palsy, chronic fatigue syndrome, CRPS, GBS, 
Henoch-Schonlein purpura, ITP, myositis, multiple 
sclerosis, narcolepsy, optic neuritis, POTS, rheumatoid 
arthritis, systemic lupus erythematosus, and Type  1 
diabetes mellitus. Influenza vaccine: GBS [already known]. 
HEP vaccine: Alopecia, chronic fatigue syndrome, 
GBS, multiple sclerosis, optic neuritis, systemic lupus 
erythematosus, and vasculitis. HPV vaccine: alopecia, 
chronic fatigue syndrome, CRPS, GBS, multiple sclerosis, 
narcolepsy, optic neuritis, POTS, and systemic lupus 
erythematosus. PNC vaccine: GBS, Kawasaki disease, and 
neutropenia. Vericella-zoster vaccine: Bell’s palsy, GBS, 
and rheumatoid arthritis. Refer to Table S2. The study 
reveals specific temporal onset correlations of ADAEs for 
multiple vaccines (Figures 1 and 2, Table S1). Both mRNA 
and adenoviral COVID-19 vaccine platforms appear 
to non-specifically increase the occurrence of ADAEs 
associated with multiple autoimmune diseases (Table S1). 
Increasing the time between initial COVID-19 mRNA shots 
to at least 4 weeks is likely to mitigate the observed increase 
in ADAEs for tozinameran (Figure  3). It is important to 
note that increased non-specific ADAEs are not observed 
for all other vaccines. These well-established platforms may 
offer safer alternatives for COVID-19 vaccination with 
respect to ADAEs. HEP and HPV vaccines, on the other 
hand, appear to induce specific patterns of ADAEs, with 
aluminum being a common adjuvant to both vaccines. The 
removal of aluminum adjuvants from HPV vaccines, HEP 
vaccines, and potentially other vaccines may reduce the 
frequency of ADAEs. Adhering to the principle of informed 
consent and the disclosure of information, it is advisable 
to provide ADAE risk notifications for COVID-19, HPV, 
HEP, and other vaccines.
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ADAEs associated with Kawasaki disease have been 
observed in relation to multiple vaccines (PNC, 6VAX-
F, RV, MENB, and HIBV). These observations suggest 
a potential link between immunization-stimulated 
antibodies and the activation of mast cells. It concludes 
by proposing a further investigation into therapeutics 
targeting mast cell activation for Kawasaki disease patients.
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Abstract
Parkinson’s disease (PD) is a common neurodegenerative disease that primarily 
affects the elderly, significantly impacting patients’ health and quality of life. While 
most genetic studies on PD have focused on single nucleotide polymorphisms, 
the effects of other forms of genomic variation in PD are yet to be fully elucidated. 
Transposable elements (TEs) are one of the main sources of human genome 
structural variation, with known associations with many human diseases. However, 
their potential connection to PD remains unclear. In this study, we investigated 
non-reference TE polymorphisms in three independent PD cohorts and explored 
their associations with both PD risk and progression. Our findings revealed that one 
non-reference TE is associated with the risk of PD, while two TEs are associated with 
disease progression. Furthermore, through expression quantitative trait locus (eQTL) 
analysis, we identified 18 cis TE-eQTLs in an interaction model and 290 cis TE-eQTLs in 
a non-interaction model. Several non-reference TE polymorphisms are correlated with 
specific PD-gene expression patterns in trans. These results indicate the feasibility of 
delving into the genetics of PD through the study of complex genomic variations. 
Advances in genomics research have the potential to deepen our understanding of 
this disease and pave the way for further translational medicine research in PD.

Keywords: Transposable elements; Parkinson’s disease; Genome-wide association 
studies; Transposable element-expression quantitative trait locus

1. Introduction
Parkinson’s disease (PD) is a prevalent neurodegenerative disease, second in incidence 
only to Alzheimer’s disease[1,2]. With the global population aging, the number of PD 
patients is projected to steadily increase, reaching an estimated 12.9 million worldwide 
by 2040[3,4]. Over the past few decades, we have gained a deep understanding of the 
clinical features of PD, including a wide range of motor and non-motor symptoms[5,6]. 
There are two main pathological features in patients with PD: first, a significant number 
of dopaminergic neurons in the substantia nigra compacta of the midbrain undergo 
degeneration and death. Second, there is the appearance of Lewy bodies (LB), which are 
formed due to the aggregation of α-synuclein[7,8].
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The exact cause of PD remains incompletely 
understood, with a growing body of evidence indicating 
that several factors, such as genetics, environmental 
factors, oxidative stress, and aging, contribute to an 
increased risk of the disease[9]. It is estimated that 
approximately 15% of PD patients have a family history 
of the disorder[10]. Furthermore, research has identified 
around 20 gene mutations associated with familial PD, 
including genes SNCA[11], PRKN[12], and LRRK2[13]. The 
interplay of genetic and environmental factors plays 
a significant role in the development of sporadic PD. 
Large-scale genome-wide association studies (GWAS) 
have identified several dozen risk variants that may 
exert cumulative effects with relatively low impacts[14]. 
A recent GWAS analysis of PD identified 90 independent 
autosomal risk signals. However, this analysis only 
explained 16–36% of heritability associated with PD, 
implying the existence of additional undiscovered 
risk variants[15]. To address this gap in knowledge, two 
potential approaches emerge: the first involves increasing 
the sample size, while the second entails incorporating 
other types of variants into GWAS analysis. In a recent 
GWAS study[16], short tandem repeats (STRs) were 
reported to be associated with the PD risk, resulting in an 
increase in the heritability of PD estimate from 26.9% to 
28.8%. In addition, another study identified two common 
X-chromosome variants[17] linked to PD risk. These 
findings highlight the importance of exploring different 
types of variants to gain a comprehensive understanding 
of the genetic architecture underlying PD.

Transposable elements (TEs) are nucleotide sequences 
widely present in the human genome, varying in length 
from 100  bp to 10  kb, and capable of independent 
replication and movement[18]. TEs account for nearly half of 
the human genome[19] and are categorized into two classes 
according to their insertion mechanisms: retrotransposons 
(class 1) and DNA transposons (class 2)[20]. The former is 
commonly referred to as the “copy-and-paste” mechanism, 
while the latter is known as the “cut-and-paste” 
mechanism[18,21]. Retrotransposons consist of two subtypes: 
long terminal repeat (LTR) retrotransposons and non-long 
terminal repeat (non-LTR) retrotransposons, depending 
on the presence of LTR sequences at both sides. Non-
LTR retrotransposons include short interspersed nuclear 
elements (SINEs) and long interspersed nuclear elements 
(LINEs)[22]. TEs can be classified into two categories based 
on the ability to independently complete insertion events: 
autonomous elements and non-autonomous elements. 
Autonomous TEs can encode the proteins required 
for insertion events, while non-autonomous TEs rely 
on proteins encoded by autonomous TEs to complete 
insertion events[23].

TEs have been recognized for their pivotal roles in 
shaping genome structure, function, and evolution[24]. 
Various mechanisms have evolved to suppress uncontrolled 
TE activity, such as epigenetic silencing mechanisms 
induced by DNA methylation[25]. In the human genome, 
most TEs gradually lose their transposition ability due 
to accumulated mutations during continuous evolution. 
Only LINE1, SINE-VNTR-Alus (SVA), and Alu elements 
remain active[26]. The earliest reports of TE insertion 
causing disease were related to hemophilia A, where LINE1 
insertions were discovered in the 14th exon of the F8 gene in 
two patients[27]. Recent research has further substantiated 
the role of TE polymorphisms, demonstrating strong 
linkage disequilibrium (LD) with GWAS risk signals for 
specific human diseases[28]. Studies have demonstrated 
that TE insertions primarily induce deleterious effects 
through three pathways. First, the integration of novel TEs 
into exonic regions can disrupt normal gene expression in 
the human genome. Second, RNA transcribed or proteins 
translated from TEs may impact host physiological 
activities. Finally, an increased frequency of ectopic 
recombination between subfamilies of the same type of TE 
induces chromosomal rearrangement events[29,30].

Compared to the majority of ancient TEs that remain 
immobile within the human genome, non-reference TEs 
are relatively younger and more active. Some studies have 
suggested that these non-reference TEs exhibit activity 
in the brain and may contribute to vulnerability to brain 
disorders[31]. In a recent investigation, several dozen SVA 
insertion polymorphisms were reported to be linked 
to PD progression[32] using data from the Parkinson’s 
Progression Markers Initiative (PPMI) cohort. Similarly, 
another recent study, also utilizing PPMI cohort whole-
genome data, revealed a significant correlation between 
TE polymorphisms and the progression of PD[33]. In this 
study, we conducted a genome-wide analysis to explore the 
associations between non-reference TE polymorphisms 
and the risk and progression of PD based on data from three 
independent cohorts. In addition, we integrated whole-
blood transcriptomic data and investigated the association 
between TE polymorphisms and gene expression through 
TE expression quantitative trait loci (TE-eQTL) analysis.

2. Materials and methods
2.1. Study participants and quality control

The study’s subjects were sourced from the Parkinson’s 
Progression Markers Initiative (PPMI, https://ppmi-info.
org)[34], the PD Biomarker Program (PDBP, https://pdbp.
ninds.nih.gov)[35], and the Fox Investigation for New 
Discovery of Biomarkers (BioFIND, https://biofind.loni.
usc.edu)[36]. All data utilized were obtained with proper 
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authorization from the Accelerating Medicines Partnership 
in PD (AMP-PD) databases (v2.5 release, https://amp-pd.
org) upon signing the AMP-PD Data Use Agreement. The 
Institutional Review Board of the School of Medicine, Sun 
Yat-sen University, approved the current analysis.

To reduce genetic heterogeneity, participants of 
Hispanic or Latino heritage were excluded, and only 
subjects from the Caucasian population were included 
in subsequent analyses. The majority of subjects initially 
recruited in the PPMI, PDBP, and BioIFND cohorts had 
PD, although it is possible that some subjects may have 
received different neurodegenerative disease diagnoses 
during the follow-up period. For the PD cases, we included 
only those who were initially diagnosed with PD at baseline 
and remained exclusively affected by PD throughout the 
follow-up period. Regarding healthy controls, we included 
subjects who did not exhibit any neurodegenerative 
diseases at both baseline and during the follow-up period. 
After quality control (QC), a total of 1,931 PD patients and 
healthy controls were included in further analysis (Table 1). 
All of them had whole-genome sequencing (WGS) data, 
and 1,709 of them also had whole-blood transcriptome 
sequencing (total RNA-seq) data from the baseline visit. 
Detailed information about the QC processes for WGS and 
RNA-seq can be found in Section S1.

The clinical information used in this study includes 
sex, age of onset, education level, race, cohort, and PD 
diagnosis information, as well as Montreal Cognitive 
Assessment (MoCA) score, Hoehn-Yahr staging scale 
(HY), and MDS Unified Parkinson Disease Rating Scale 
(MDS-UPDRS) (Table  1). Notably, patients with PD in 

the PDBP and PPMI cohorts had longitudinal visits with 
several follow-up visits.

2.2. TEs discovery and annotation

The WGS CRAM files of 1,931 subjects were generated 
through the alignment of sequencing reads to the human 
reference genome GRCH38DH using the BWA-MEM 
(version 0.7.15)[37], following the GATK (version 4.0)[38] best 
practices workflow[39]. TEs were called using the Mobile 
Element Locator Tool (MELT, version 2.2.2)[40], which was 
specifically designed for detecting TEs in Illumina platform-
based WGS data. The reliability of the MELT has been 
validated in projects such as the 1000 Genomes Project 
(1KGP)[41] and the NyuWa Genome Project[42]. Post-discovery 
QC was performed using vcftools (version  0.1.16)[43] and 
PLINK (version  1.90b6.22)[44]. In this study, each TE was 
assigned a unique ID based on its chromosome position 
information and TE type, following the ID format: chr_pos_
ALU/LINE1/SVA. A  detailed description of TE discovery 
and QC is shown in the Sections S2 and S3.

The insertion frequency of TEs was calculated 
using vcftools[43] after QC. The lengths of TEs were 
extracted from the VCF file using vcftools. The Variant 
Effect Predictor (VEP, version 109)[45], developed and 
maintained by Ensembl for annotating genomic variation 
regions, provides comprehensive information on the 
functional impact of genetic variants. The positions of TEs 
(GRCH38DH) were extracted from the VCF file using 
vcftools and were used as input for VEP of the Ensembl 
website (https://asia.ensembl.org/info/docs/tools/vep/
index.html) to obtain the annotation results.

Table 1. Clinical characteristics of subjects in the PDBP, PPMI, and BioFIND cohorts at baseline

Group PDBP PPMI BioFIND

PD HC PD HC PD HC

Sample size 748 444 390 190 92 67

Age at baseline (mean years [SD]) 64.7 (11.02) 62.5 (8.96) 61.9 (9.55) 60.9 (10.34) 67.7 (6.22) 66.3 (7.64)

Male (N, %) 477 (73.8%) 197 (45.4%) 253 (74.9%) 125 (67.4%) 59 (64.1%) 36 (65.7%)

Hoehn and Yahr (mean [SD]) 1.28 (1.09) NA 1.56 (0.50) NA 1.93 (0.59) NA

MDS-UPDRS Part I (mean [SD]) 7.62 (5.67) NA 5.63 (4.30) NA 9.43 (6.09) NA

MDS-UPDRS Part II (mean [SD]) 6.90 (7.73) NA 5.96 (4.28) NA 11.04 (6.36) NA

MDS-UPDRS Part III (mean [SD]) 16.15 (14.97) NA 20.99 (8.90) NA 28.26 (14.39) NA

MDS-UPDRS Part IV (mean [SD]) 1.30 (2.94) NA NAa NA 3.17 (2.89) NA

MoCA (mean [SD]) 25.70 (3.25) NA 27.16 (2.28) NA 26.90 (2.51) NA

Legends: Hoehn and Yahr stage: The Hoehn and Yahr stage is a common scale to describe the progression of motor symptoms in PD; 
MDS-UPDRS: MDS-Sponsored Revision of the UPDRS is a comprehensive scale for assessing Parkinson’s disease motor and non-motor symptoms. 
MDS-UPDRS includes four parts: Part I: Non-motor experiences of daily living; Part II: Motor experiences of daily living; Part III: Motor examination; 
Part IV: Motor complications; MOCA: Montreal Cognitive Assessment, an assessment scale for rapid screening for mild cognitive impairment. 
aThe baseline MDS-UPDRS Part IV: scores were not available for the patients from the PPMI cohort in this study.
Abbreviations: HC: Health control; NA: Not available; PD: Parkinson’s disease; SD: Standard deviation.
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We used two different conservation scores, PhastCons[46] 
and Phylop[47], to assess the conservation of TE insertion 
regions. The UCSC Genome Browser (https://genome.ucsc.
edu/) provides genome conservation score annotations, 
namely, PhastCons100way and Phylop100way. These 
scores are derived from multi-sequence alignments of the 
human genome with 99 different species using PhastCons 
and PhyloP, respectively. The conservation score of a 
specific region in the human genome is calculated based 
on PhastCons100way and PhyloP100way[48]. In this study, 
regions with PhyloP scores >0.76 or PhastCons scores >0.2 
were considered highly conserved, while the remaining 
regions were categorized as non-conserved regions, as 
described in Qiao et al.[49].

2.3. LD between TEs and SNPs

The AMP-PD database employed the GATK best practices 
workflow and the GATK joint genotyping model[38] to 
generate SNP genotype data in the transformed PLINK 
binary format. Our original TE VCF file was converted 
into the PLINK binary format, followed by integrating 
SNP genotype data and TE data from corresponding 
subjects. The LD between each TE and its associated SNPs 
within 1 Mb window size was calculated using PLINK. The 
90 independent PD risk variants were obtained from the 
GWAS study conducted by Nalls et al.[15].

2.4. Reproducibility of TEs in the 1KGP and gnomAD 
database

The reproducibility of this study was evaluated by examining 
whether the 500 bp window upstream and downstream of 
the identified TE regions contained the same type of TE 
as annotated in the 1KGP[41] and Genome Aggregation 
Database (gnomAD) databases[50]. The public TE annotation 
data from the 1KGP (dbVar: nstd144) and the structural 
variation annotation data from gnomAD (dbVar: nstd166) 
were downloaded from the dbVar database (https://www.
ncbi.nlm.nih.gov/dbvar/). The Bedtools (version 2.26.0)[51] 
intersect function was used with a window parameter set 
to 500 bp to determine whether the TE insertions belong to 
the same TE insertion category.

2.5. TE Genome-wide Association Study

TE Genome-Wide Association Study (TE-GWAS) was 
performed using the logistic regression function in R 
software to investigate the genetic association between 
TE insertion and the risk of PD. In consideration of the 
uniqueness of TE insertions, TE genotypes in this study 
were classified as having a TE insertion event (coded as “1”) 
or no TE insertion event (coded as “0”). This classification 
included both heterozygous (0/1) and homozygous 
(1/1) TE insertions at specific genomic regions as TE 

insertion events. Principal component analysis (PCA) 
of TEs was performed using PLINK, with principal 
component numbers calculated using the EIGENSOFT 
package (version 7.2.1)[52]. The significant PC1 was used 
as a covariate to correct for population structure. Finally, 
PC1, sex, age, and cohort information were included as 
covariates in the logistic regression model for TE-GWAS 
analysis. The original P-values were corrected using the 
false discovery rate (FDR), with an FDR <0.05 set as the 
significance threshold. A  detailed description of the QC 
process before TE-GWAS analysis is shown in Section S4.

2.6. TE- linear mixed model

We used a linear mixed model (LMM) to investigate the 
correlation between TE polymorphisms and the progression 
of PD. Nine years of clinical follow-up data from the PPMI 
cohort and 5 years of clinical follow-up data from the PDBP 
cohort were combined. The analysis included six different 
clinical scales: MoCA score, MDS-UPDRS score (Part I to 
Part IV), and Hoehn-Yahr staging scale. Details of the QC 
of the clinical scale are presented in Section S5.

To construct the TE-LMM model, we used the lmer 
function from the lme4 package (version 1.1-34)[53]. 
The model included fixed effects such as PC1, sex, age, 
study name, and interaction between TE and years in 
the study in each model. In addition, education level was 
incorporated as a fixed effect in the MoCA score model and 
the MDS-UPDRS Part I score model. Individual subjects 
were included as random terms in each of the six LMM 
models. The original P-values of the TE-LMM model were 
calculated using the lmertest package (version 3.1-3)[54] 
based on the Satterthwaite algorithm and subsequently 
corrected using the FDR approach.

2.7. Transcriptome data processing and TE-eQTL 
mapping

The peripheral blood transcriptome (total RNA-seq) 
dataset was available for the subjects in the PPMI, PDBP, 
and BioIFND cohorts. Subjects with both total RNA-seq 
and WGS were retained for analysis. We used the quality-
controlled and normalized gene expression transcripts per 
million (TPM) data for subsequent TE-eQTL analysis. The 
TPM data were generated from the transcriptome’s raw 
FASTQ files using the Salmon workflow, which is based 
on the genome annotation file Gencode.v29 (https://www.
gencodegenes.org/). We evaluated the association between 
TE polymorphism and gene expression following the TE 
expression quantitative trait locus (TE-eQTL) analysis 
workflow proposed by Wang et al.[55]. TE polymorphisms 
were classified as no TE insertion (coded as “0”) or TE 
insertion as (“1”), similar to the TE-GWAS study. Due to 
the significantly longer length of TE sequences compared 
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to SNPs (Figure 1C), the cis-TE-eQTL region was expanded 
from the typical 1 Mb range used in SNP QTL studies to a 
10 Mb range.

We performed TE-eQTL analysis using the Matrix 
eQTL (version 2.3)[56] tool in R software. To investigate 
whether TE polymorphisms and gene expression 
associations were affected by disease status, we performed 
both interaction  and non-interaction TE-eQTL analyses, 
respectively. For interaction-TE-eQTL analysis, we used the 
“modelLINEAR_CROSS” function in Matrix eQTL, with 
PC1, sex, age, RNA integrity number (RIN), and cohort 
included as covariates, and disease status as the interaction 
term. For non-interaction-TE-eQTL analysis, we utilized the 
“modelLINEAR” function in Matrix eQTL, with PC1, sex, 
age, RIN, cohort, and disease status included as covariates.

2.8. Statistical analysis

All statistical analyses in this study were performed using 
the R v4.1.0 (http://CRAN.R-project.org/).

3. Results
3.1. Identification of TEs and quality assessment

We analyzed WGS data from three independent cohorts, 
encompassing a total of 1,931 subjects, to investigate 
the non-reference TE insertion status of each subject. 
Following rigorous QC procedures, 25,805 high-
confidence TE insertion events were identified, including 
19,119 ALU, 4,454 LINE1, and 2,232 SVA.We found that 
ALU exhibited the highest number of insertions, followed 
by SVA, while LINE1 had the lowest count (Figure  1A), 
aligning with the known distribution of different TE 
types within the human genome[57]. Our analysis of TE 
insertion frequency (Figure  1B) corroborated previous 
studies, with approximately 57.7% of TEs classified as 
Singletons. In addition, our observations concurred with 
existing literature, revealing that LINE1 sequences were 
the longest (median length of 1,094  bp), followed by 
SVA (median length of 691 bp), and ALU, which had the 

Figure 1. Characteristics of identified non-reference TEs. (A) The numbers of TEs detected in three independent PD cohorts (PPMI, PDBP, and BioFIND), 
differentiated by their respective types of TEs. (B) Frequency distribution of different types of TE insertions. The X-axis shows the frequency of TE 
insertions within the genome, while the Y-axis shows the proportion of TEs with different insertion frequencies among all TEs. (C) The length distribution 
of different types of TEs. The X-axis shows the length of the TE after the log10 transformation, while the Y-axis shows the number of TEs after the log10 
transformation. (D) Results of the annotation for different types of TEs within the human genome. (E) Conservation scores of TEs across the genome. The 
X-axis shows the PhyloP score of the TE insertion area, while the y-axis shows the PhastCons score of the TE insertion area. The isodensity map visually 
demonstrates the distribution range of TEs, with most TE insertion regions belonging to unconserved regions. (F) Verification of different types of TE 
using data from the 1KGP and the gnomAD databases.
Abbreviations: TE: Transposable element; PD: Parkinson’s disease; PPMI: Parkinson’s Progression Markers Initiative.

B C

D E F

A

https://doi.org/10.36922/gtm.1583


Global Translational Medicine TEs link to Parkinson’s risk and progression

Volume 2 Issue 3 (2023)	 6� https://doi.org/10.36922/gtm.1583

shortest sequences (median length of 280 bp, Figure 1C). 
The annotation of TE insertion sites was also consistent 
with expectations (Figure 1D): approximately 51.3% of TE 
insertion sites were located within intergenic regions, while 
approximately 38.0% were located in the intronic areas. 
This observation confirms the propensity of TE insertions 
to occur predominantly in the regions of the genome with 
minimal or negligible impact on genomic structure and 
function, favoring the retention of TEs within the genome.

TE insertions are prone to preferentially occur in non-
coding regions, where they do not significantly disrupt 
normal genomic structure and function, indicating a 
higher likelihood of these regions being non-conserved. To 
evaluate the conservation status of TE insertion sites, we 
used two conservation scoring tools and found that highly 
conserved TE insertion sites accounted for a mere 0.033% 
of all TE insertion events (25,805 TEs). In comparison, 
non-conserved TE insertion sites accounted for 87.3% of 
all TE insertion sites (Figure  1E). We also measured the 
repeatability of our TE calling by comparing it to data from 
the 1KGP and Genome Aggregation Database (gnomAD) 
databases. Our detected TEs showed high reproducibility 
with these existing 1KGP and gnomAD data (Figure 1F): 
out of the 19,119 ALU detected, 9,269 and 7,286 were 
validated in the 1KGP and the gnomAD databases, 
respectively; among the 4,454 LINE1 detected, 1,371 and 
1,398 were confirmed in the 1KGP and the gnomAD 
databases, respectively; regarding the 2,232 SVA detected, 
718 and 800 were validated in the 1KGP and the gnomAD 
databases, respectively. In total, 11,358 (44.0%) and 9,484  
(36.8%) out of the 25,805 TEs were validated in the 1KGP 
and the gnomAD databases, respectively.

3.2. The associations of TEs with the risk and the 
progression of PD

To investigate the genetic association between TEs and PD, 
we performed a TE-GWAS. Following rigorous quality 
control (QC), we retained 1,910  samples and identified 
2,867 high-quality TEs suitable for TE-GWAS analysis. 
The dataset included 689 healthy controls and 1,221 PD 
patients (Figure S1). During our analysis, we identified a 
significant TE insertion site, labeled as chr1_246429040_
ALU (Figure 2A, P = 8.73 × 10-6, FDR = 0.024, effect size 
β = −0.44), which exhibited a significant association with 
PD onset. This finding suggests that subjects carrying 
this TE insertion have a lower risk of developing PD. 
The TE-GWAS inflation factor λ was calculated as 1.058, 
indicating the reliability of the overall results (Figure S2) and 
their independence from confounding factors. To further 
explore potential genetic associations, we conducted an LD 
analysis of SNPs within the 500  kb region upstream and 
downstream of the TE risk locus chr1_246429040_ALU. 

This analysis aimed to determine whether this TE risk locus 
exhibited strong LD (r2 > 0.8) with known PD risk SNPs. 
The TE LD analysis revealed no significant PD risk SNP 
signals in this TE locus region, indicating that this TE 
insertion site represents an independently discovered PD 
risk locus (Figure S3).

There were 691 PD cases with longitudinal visits, and 
2,111 TE loci were used (Table S1) to examine potential 
differences in disease progression over time among 
subjects with TE genotypes. We constructed TE-LMM 
models for six clinical indicators separately, and our 
analysis revealed that chr8_114592257_ALU carriers 
(Figure  2B) exhibited a faster progression in the Hoehn 
and Yahr stage compared to non-carriers (P = 1.87 × 10-5). 
In addition, patients carrying chr13_81793576_SVA 
(Figure  2C) on chromosome 13 q31.1 demonstrated a 
more rapid progression in MDS-UPDRS Part  I scores 
than non-carriers (P = 2.47 × 10-6).

3.3. Effects of TEs on gene expression

After undergoing QC processing, a total of 1,709 subjects 
from three cohorts were included in the TE-expression 
quantitative trait loci (TE-eQTL) analysis. This cohort 
consisted of 611 healthy controls and 1,098 patients with 
PD. A  total of 2,867 TEs and 28,644 genes were used to 
investigate the associations between TEs and genes. In 
our investigation, we identified a total of 18 cis TE-eQTLs 
(27 TE-gene pairs) in the interaction model and 290 cis 
TE-eQTLs (800 TE-gene pairs) in the non-interaction 
model. Notably, we observed that ALU contributed 
significantly to the identified TE-eQTLs, a finding 
consistent with previous reports[58]. Quantile–quantile 
analysis demonstrated the observed distribution of P-values 
for outliers in the TE-eQTL analysis, demonstrating the 
reliability of interaction-TE-eQTL (Figure S4A) and non-
interaction-TE-eQTL analyses (Figure S4D). We also 
assessed the distribution of effect size (β) for different 
types of TEs-eGene (eGene: A gene with a TE-eQTL) in 
both interaction (Figure S4B) and non-interaction modes 
(Figure S4E). Our findings revealed that TE insertions were 
linked to reduced gene expression levels in both models. 
Furthermore, we investigated the types of genes linked to 
TE polymorphisms and found that only a minority of these 
genes corresponded to protein-coding genes. Instead, they 
primarily comprised pseudogenes and non-coding RNAs 
(Figure S4C and S4F).

To explore the signaling pathways or functions 
associated with genes regulated by cis-TE-eQTL loci 
in normal cellular physiology, we performed Gene 
Ontology (GO) enrichment analysis on the significant 
eGenes identified through the TE-eQTL analysis. This 
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analysis revealed that the 26 genes (27 TE–gene pairs) 
affected by interaction-TE-eQTL cis loci were related to 
the formation of immunoglobulin complexes and were 
involved in the recognition of immunoglobulin receptor 
binding (Figure  S5A). The 624 eGenes (800 TE–gene 
pairs) affected by non-interaction-TE-eQTL cis loci were 
more prominently involved in antigen receptor-mediated 
signaling pathways, RNA methylation modification, MHC 
protein complex formation, and endoplasmic reticulum 
composition (Figure S5B). These findings suggest the 
existence of specific TE-eQTLs in PD patients, with these 
TE-eQTLs having a broader impact on RNA methylation 

levels and a more pronounced involvement in immune-
related signaling pathways.

We conducted further investigations to determine 
whether TE polymorphisms have an impact on the 
expression of known PD risk genes. Due to the intricate 
nature of TEs, our analysis focused exclusively on those 
TEs located on the same chromosome as known PD 
risk genes[15]. Our findings revealed distinct associations 
between the expression of three PD risk genes and trans 
TE (trans TE-eQTL loci). Among them, an SVA insertion 
(chr1_111353551_SVA), located upstream of the GBA gene 
at approximately 43 Mb on chromosome 1, was associated 

Figure 2. Association analysis identified the associations of TEs with the risk and the progression of PD. (A) Manhattan plot of TE-GWAS obtained from 
the logistic regression model, comparing PD cases (n = 1,221) with healthy controls (n = 689). Each data point on the plot represents a TE. The Y-axis shows 
the original P-values after the -log10 transformation of each TE association; the X-axis shows the sequential position of TEs by chromosome (not real scale). 
The dashed red line corresponds to the significance threshold (FDR-adjusted P-value lower than 5%). (B) Adjusted mean Hoehn and Yahr stage across 
time predicted by the TE-LMM model for PD cases with chr8_114592257_ALU carriers (magenta line) and non-carriers (light-blue line). (C) Adjusted 
mean MDS-UPDRS I score across time predicted by the TE-LMM model for PD cases with chr13_81793576_SVA carriers (magenta line) and non-carriers 
(light-blue line). Shaded ribbons indicate the standard error of the mean.
Abbreviations: TE-LMM: Transposable element-linear mixed model; TE: Transposable element; PD: Parkinson’s disease; TE-GWAS: TE Genome-Wide 
Association Study.
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with increased GBA expression (Figure 3A, P = 1.66 × 10−7). 
Similarly, an ALU insertion (chr4_159704892_ALU), 
located downstream of the PD risk gene GAMK2D at 
approximately 46 Mb on chromosome 4, exhibited a 
significant association with increased GAMK2D expression 
(Figure 3B, P = 5.03 × 10−6). In addition, a LINE1 insertion 
(chr6_13190783_LINE1), located downstream of the PD 
risk gene RPS12 at approximately 119 Mb on chromosome 
6, was linked to elevated RPS12 expression (Figure 3C, 
P = 4.62 × 10-6). Interestingly, in contrast to the prevailing 
trend observed in most cis TE-eQTL loci, which are 
associated with the downregulation of gene expression, 
these three long-distance TE insertion events were linked 
to the upregulation of gene expression.

4. Discussion
TEs occupy nearly half of the human genome, yet TE 
polymorphisms have been overlooked in many disease 
GWAS studies. In this pilot study, we investigated the 
genetic association between TE polymorphisms and both 
the onset and progression of PD by integrating data from 
nearly 2,000 subjects. Our analysis led to the identification 
of a TE locus linked to PD onset (Figure 2A) and two TE loci 
associated with PD progression (Figure 2B and C). Notably, 
the TE locus associated with PD risk, chr1_246429040_
ALU, is located near the SMYD3 gene, which encodes a 
histone methyltransferase. SMYD3 gene plays a pivotal 
role in epigenetic mechanisms. While numerous studies 
have consistently demonstrated a significant association 

between the SMYD3 gene and tumor progression[59], 
emerging evidence suggests a correlation between this 
gene and endothelial senescence[60]. Given the age-related 
association of PD, it is worth further exploring whether 
epigenetic regulation of the SMYD3 gene in the brain is 
linked to neuronal death. Furthermore, the PD progression 
associated locus chr8_114592257_ALU is positioned at 
1.1 Mb downstream of CSMD3, which is predominantly 
expressed in developing cortical neurons. The absence of 
CSMD3 expression is related to abnormal synaptic formation 
and neurodevelopmental disorders, ultimately resulting 
in developmental delay[61]. Current evidence suggests that 
TE-derived sequences regulate gene expression by both 
maintaining and shaping 3D genome architecture[62]. Further 
studies involving epigenomics data, such as ATAC-seq, 4C, 
Hi-C, and ChIP-seq, may aid in elucidating the causal effects 
of TEs on the development of PD.

To date, the association between the immune system 
and PD has been supported by multiple lines of evidence[63], 
with immune cell dysfunction playing a key role in the 
development of PD[64]. Our interaction cis-TE-eQTL analysis 
revealed that eGenes were enriched in immune-related 
signaling pathways, suggesting that TE polymorphisms 
may be linked to abnormal gene expression in the 
immune system. We propose that elucidating how TE 
polymorphisms affect immune dysregulation in PD 
pathogenesis could not only deepen our understanding 
of the disease but also facilitate the development of novel 
therapy strategies.

Figure 3. TE polymorphisms link to the expression alternation of PD risk genes. In non-interaction TE-eQTL analysis: (A) the expression of GBA was 
significantly upregulated in carriers of chr1_111353551_SVA compared to non-carriers; (B) the expression of GAMK2D was significantly upregulated 
in carriers of chr4_159704892_ALU compared to non-carriers; (C) the expression of RPS12 was significantly upregulated in carriers of chr6_13190783_
LINE1 compared to non-carriers. The lines within the boxes represent the median value, while the upper and lower ends of the boxes represent the 
interquartile range.
Abbreviation: TPM: transcripts per million; TE: Transposable element; PD: Parkinson’s disease; TE-eQTL: Transposable element-expression quantitative 
trait locus.
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We also observed that long-distance TE polymorphism 
events were significantly linked to the upregulation of 
several known PD risk genes, such as GBA, CAMK2D, 
and RPS12 (Figure 3). Functional studies have indicated 
that GBA mutations disrupt the normal structure and 
function of glucocerebrosidase, leading to the aggregation 
of alpha-synuclein and mitochondrial dysfunction, 
ultimately exacerbating the progression of PD[65,66]. While 
CAMK2D and RPS12 are loci that have been confirmed 
to be associated with the risk of PD in GWAS studies, 
there remains a lack of relevant functional studies[15]. 
These findings suggest that further exploration of the 
connection between TE polymorphisms and PD-related 
genes is warranted.

Our study has several limitations. First, the 
identification of TE insertions based on short-read 
sequencing data often results in fewer detections than 
those obtained through third-generation long-read 
sequencing data. This leads to incomplete and less 
accurate coverage of TE polymorphism information 
across the entire genome[58]. Moreover, while typical 
SNP-based GWAS analyze millions of SNP genotypes 
and hundreds of thousands of samples, our TE-GWAS 
study includes only around two thousand samples. As a 
result, the coverage of genome-wide variations, the power 
to identify associated loci, and the ability to detect rare 
variants in TE-GWAS analysis are comparatively weaker 
than those of classical GWAS. Third, our discoveries 
of TE risk loci and the effects of TE-eQTLs were based 
solely on individuals of European ancestry, and it is 
essential to assess populations of diverse ancestry. Finally, 
it should be noted that our TE-eQTLs analysis was 
based on peripheral blood transcriptome data. Further 
investigation is required to determine whether these 
associations extend to the brain or not.

5. Conclusion
Our study explored the association between TE 
polymorphisms and the risk of PD, highlighting the 
necessity of incorporating other complex genomic 
variations in GWAS. In addition, we integrated omics 
data to explore the potential associations between TE 
polymorphisms and gene expression, including risk genes 
related to PD. While it is challenging to fully elucidate 
and establish causative links between TE polymorphisms 
and the onset and progression of PD based on current 
evidence and data sources, we propose that the advent of 
multi-omics big data and platforms for PD research, such 
as the Global Parkinson’s Genetics Program (GP2)[67], will 
provide additional insights into the connections between 
TE polymorphisms and PD. This could pave the way from 
genetics to translational medicine for PD.
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