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Soybeans (Glycine max) are rich in proteins and isoflavones, with fermentation 
enhancing their nutritional value but differences between the chemical profiles 
of organic and non-organic soybeans are unclear. In this study, the chemical 
profiles of non-organic and organic soybeans and their metabolite changes of 
the latter after fermentation with Rhizopus oligosporus were investigated using 
NMR metabolomic approach. A clear separation was only observed between 
non-organic G and organic Z, which were then selected for further investigation 
in the fermentation of soybeans (GF and ZF). Even though there were some 
intensity differences of selected metabolites namely sucrose and citrate, but 
overall, these most distinctive unfermented soybeans, organic (Z) and non-
organic (G), showed negligible differentiation. Although the chemical 
compositions between non-organic and organic soybeans exhibited no 
noticeable differences, the fermentation process undeniably heightened the 
nutritional value of soybeans. Fermentation enhanced the nutritional value of 
soybeans, transforming higher sugar content into higher amino acids and 
organic acids content. 
 
 
The study also explored the potential of fermented soybean extracts (FSE) as 
an alternative to chelation therapy for mitigating lead (Pb) toxicity as chelation 
therapy is associated with various side effects and is less effective for patients 
with low Pb toxicity. Therefore, FSE was evaluated for its therapeutic and 
prophylactic effect against Pb-induced inflammation in the zebrafish model 
using NMR metabolomic approach. Preliminary studies were done on various 
Pb and FSE concentrations with additional support from behavioural 
assessment (open field test) and transmission electron microscope (TEM). The 
behaviour of zebrafish altered after Pb inducement and the differential 
metabolites were increased and decreased in low (5 mg/L) and high (10 mg/ L) 
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Pb concentrations, respectively. Whereas for FSE, the 50 mg/L group 
significantly alter the four metabolites of sn-glycerol-3-phosphocholine, 
glucose, isoleucine and glutamine and did not exhibit any necrosis-like cell 
death in TEM results as the 300 mg/L did. The 50 mg/L dosage of FSE 
exhibited particularly promising results, demonstrating a small ameliorative 
effect against Pb-induced inflammation. These results suggested that FSE 
potentially retrieves the effect of Pb toxicity. Therapeutic measures are 
essential once damage occurs, however, prophylactic approaches would be 
better in preventing damage from occurring in the first place and help avoid the 
potentially serious and long-term health consequences. 
 
 
The potential prophylactic effect of FSE against Pb-induced inflammation on 
zebrafish was studied using different groups, including a control group without 
any pre-treatment of FSE and without Pb-induction (N), a placebo group 
without any pre-treatment of FSE before Pb-induction (N+Pb), and pre-treated 
groups that were pre-treated with FSE before Pb-induction (FSE+Pb). Mortality 
was observed in the N+Pb group shortly after 24-h Pb induction at 95dpf, but 
not in the FSE+Pb group.  
 
The N+Pb group showed increased lactate and decreased glutamate and 
isoleucine levels, indicative of Pb-induced inflammation. At 95dpf, Pb induction 
triggered the synthesis of glutathione, and its level increased in the N+Pb 
group but decreased in the FSE+Pb group. At 120dpf, after 24 days in Pb-free 
conditions, inflammation persists due to the residual Pb, and the level of 
glutathione depleted in the N+Pb group but elevated in the FSE+Pb group. 
Although both N+Pb and FSE+Pb underwent Pb induction at the same time, 
but difference in glutathione levels suggests that FSE possesses a prophylactic 
effect that lessens the inflammatory effect of Pb toxicity. In short, this research 
analysed the chemical profiles of organic and non-organic soybeans and the 
effects of fermentation and found that fermentation enhances their nutritional 
value. Fermented soybean extracts showed potential in alleviating lead (Pb) 
toxicity in a zebrafish model. Prophylactic approaches, like using fermented 
soybean extracts, demonstrated better results in preventing inflammation due 
to Pb toxicity compared to therapeutic interventions. 
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Kacang soya (Glycine max) kaya dengan protein dan isoflavon, dengan 
penapaian meningkatkan nilai pemakanannya tetapi perbezaan antara profil 
kimia kacang soya organik dan bukan organik tidak jelas. Dalam kajian ini, 
profil kimia kacang soya bukan organik dan organik dan perubahan 
metabolitnya selepas penapaian dengan Rhizopus oligosporus telah disiasat 
menggunakan pendekatan metabolomik NMR. Pemisahan yang jelas hanya 
diperhatikan antara G bukan organik dan Z organik, yang kemudiannya dipilih 
untuk penyiasatan lanjut dalam penapaian kacang soya (GF dan ZF). 
Walaupun terdapat beberapa perbezaan keamatan metabolit terpilih iaitu 
sukrosa dan sitrat, tetapi secara keseluruhannya, kacang soya tidak ditapai 
yang paling tersendiri, organik (Z) dan bukan organik (G), menunjukkan 
pembezaan yang boleh diabaikan. Walaupun komposisi kimia antara kacang 
soya bukan organik dan organik tidak menunjukkan perbezaan yang ketara, 
proses penapaian tidak dapat dinafikan meningkatkan nilai pemakanan kacang 
soya. Penapaian meningkatkan nilai pemakanan kacang soya, mengubah 
kandungan gula yang lebih tinggi kepada kandungan asid amino dan asid 
organik yang lebih tinggi. 
 
 
Kajian ini juga meneroka potensi ekstrak kacang soya yang ditapai (FSE) 
sebagai alternatif kepada terapi khelasi untuk mengurangkan ketoksikan 
plumbum (Pb) kerana terapi khelasi dikaitkan dengan pelbagai kesan 
sampingan dan kurang berkesan untuk pesakit yang mempunyai ketoksikan Pb 
rendah. Oleh itu, FSE dinilai untuk kesan terapeutik dan profilaksisnya 
terhadap keradangan yang disebabkan oleh Pb dalam model ikan zebra 
menggunakan pendekatan metabolomik NMR. Kajian awal telah dilakukan ke 
atas pelbagai kepekatan Pb dan FSE dengan sokongan tambahan daripada 
penilaian tingkah laku (open field test) dan mikroskop elektron penghantaran 
(TEM). Tingkah laku zebrafish berubah dengan ketara selepas induksi Pb dan 
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metabolit berbeza meningkat dalam kepekatan Pb rendah (5 mg/L) dan 
menurun dalam kepekatan Pb tinggi (10 mg/L). Kumpulan FSE 50 mg/L 
mengubah empat metabolit sn-gliserol-3-fosfokolina, glukosa, isoleusin dan 
glutamin dan tidak menunjukkan sebarang kematian sel seperti nekrosis dalam 
keputusan TEM seperti mana yang ditunjukkan oleh 300 mg/L. Dos 50 mg/L 
FSE menunjukkan sedikit kesan pemulihan terhadap keradangan  daripada Pb. 
Keputusan ini mencadangkan FSE berpotensi pulih ketoksikan Pb. Pendekatan 
terapeutik adalah penting sebaik sahaja kerosakan berlaku, bagaimanapun, 
pendekatan profilaksis adalah lebih baik dalam mencegah kerosakan awal dan 
elak akibat kesihatan yang berpotensi serius dan berjangka panjang. 
 
 
Potensi profilaksis FSE terhadap keradangan daripada Pb telah dikaji 
menggunakan kumpulan yang berbeza, termasuk kumpulan kawalan tanpa 
sebarang pra-rawatan FSE dan induksi Pb (N), kumpulan plasebo tanpa 
sebarang pra-rawatan FSE sebelum induksi Pb (N+Pb), dan kumpulan pra-
rawatan yang telah dirawat dengan FSE sebelum induksi Pb (FSE+Pb). 
Kematian diperhatikan dalam kumpulan N+Pb selepas induksi Pb selama 24-
jam pada 95dpf, tetapi bukan dalam kumpulan FSE+Pb (kecuali kumpulan 
FSE200+Pb). Kumpulan N+Pb menunjukkan peningkatan laktat dan 
penurunan paras glutamat dan isoleucine, menunjukkan keradangan yang 
disebabkan oleh Pb. Pada 95dpf, induksi Pb mencetuskan sintesis glutation, 
dan tahapnya meningkat dalam kumpulan N+Pb tetapi menurun dalam 
kumpulan FSE+Pb. Pada 120dpf, selepas 24 hari dalam keadaan bebas Pb, 
keradangan berterusan disebabkan oleh baki Pb, dan tahap glutation 
berkurangan dalam kumpulan N+Pb tetapi meningkat dalam kumpulan 
FSE+Pb. Walaupun kedua-dua N+Pb dan FSE+Pb menjalani induksi Pb pada 
masa yang sama, tetapi perbezaan dalam tahap glutation menunjukkan 
bahawa FSE mempunyai kesan profilaksis yang mengurangkan kesan 
keradangan ketoksikan Pb. Penyelidikan ini menganalisis profil kimia kacang 
soya organik dan bukan organik serta kesan penapaian dan mendapati 
bahawa penapaian meningkatkan nilai pemakanannya. Ekstrak kacang soya 
yang ditapai menunjukkan potensi dalam mengurangkan ketoksikan plumbum 
(Pb) dalam model zebrafish. Pendekatan profilaksis, seperti menggunakan 
ekstrak kacang soya yang ditapai, menunjukkan hasil yang lebih baik dalam 
mencegah keradangan akibat ketoksikan Pb berbanding dengan campur 
tangan terapeutik.   
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CHAPTER 1 
 

INTRODUCTION 
 
 
 
1.1 Research background 
 
 
Lead or plumbum (Pb) is a non-essential heavy metal that cannot degrade in 
the environment and remain in the soil for a very long time. Pb is banned since 
the 1970s and the trends in work-related lead exposure have significantly 
improved since 1994 (NIOSH, 2023). However, workers in specific industries, 
such as manufacturing, still face potential lead exposure risks (CDC, 2023; 
NIOSH, 2023; Jarvis and Fawell, 2021). Malay Mail (2019) reported that 
Kampung Jenjarom in Kuala Langat, Selangor, Malaysia was polluted with lead 
due to the illegal dumping of the heavy metal in rivers nearby and the Pb level 
detected in the worker’s and resident’s hair samples were beyond the minimum 
safety level of 10 mg/L. Exposure to Pb affects multiple body systems, 
regardless of its exposure level, route, or period (Jhamtani et al. 2017). The 
major organs affected by Pb include the brain, kidneys, intestine and liver 
(Tchounwou et al., 2012).  Pb poisoning is generally treated with chelators 
such as ethylenediaminetetraacetic acid (EDTA) and dimercaptosuccinic acid 
(DMSA), yet they bind to and eliminate the metals from the body regardless of 
whether those metals are essential (calcium, zinc or iron) or non-essential (Pb, 
cadmium or mercury). Thus, chelators are less effective for patients with low 
blood lead levels (BLL) and can cause a range of negative side effects 
(Naranjo et al., 2020). Hence, alternative strategies such as dietary or food 
intervention have become more desirable as it is widely available with the least 
side effects. Few studies suggested that plant extracts or compound 
supplementation are able to reduce the susceptibility to the toxic effect of Pb 
(Abdou & Hassan, 2014; Ros & Mwanri, 2003). A soybean diet is also reported 
to effectively reduce the toxicity effect of Pb, by preventing oxidative stress, 
bone loss and testis damage induced by Pb (Moustafa et al., 2008; Li et al., 
2020b).  
 
 
Soybean (Glycine max [L.] Merr.) that are rich in proteins can be consumed in 
various forms, either in their original or in fermented forms and both forms offer 
good health benefits to humans. However, the fermented form is suggested to 
be better in terms of nutritional value, as the fermentation process is able to 
help in releasing bioactive peptides, increase the antioxidant activities, and 
reduce the anti-nutritional components of soybean thus having better 
digestibility and bioavailability than its original form (Hong et al., 2004; Nkhata 
et al., 2018; Nout & Kiers, 2005; Ahmad et al. 2015). Hamad et al. (2014) 
reported that a greater reduction of inflammation was observed in rats fed with 
a fermented soybean diet than in those with an unfermented soybean diet. 
Malaysia does not cultivate its own soybean and depends on imported 
soybeans (Khazanah Research Institute, 2019). Many believe that eating 
organic foods or products is better for health as they have higher nutrients 
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compared to non-organic ones. The elements and phytochemicals of organic 
soybean are suggested to be higher than those of non-organic soybean (Bøhn 
et al., 2014). However, Bernacchia et al., (2016) reviewed that only a small 
difference in nutrients was observed between organic and non-organic food 
products. 
 
 
Zebrafish (Danio rerio) have rapidly become a well-known model organism in 
toxicology research. This small aquatic vertebrate is commonly worked in 
heavy metals screening, where we can directly assess the toxicity effect based 
on their mortality, morphology, behavioural phenotype, and brain physiology 
(Kim et al. 2020; Chen et al. 2012; Li et al. 2019). The absorption, distribution 
and metabolism of the zebrafish can be accessed via the metabolomics 
approach to identify the metabolic pathway and correlate with their behaviours 
(Hill et al. 2005; Gupta et al. 2014; Lin et al. 2014; Cassar et al., 2020; Souza 
et al. 2017; Wang et al. 2012). Metabolomics qualitatively and quantitatively 
measures all the metabolic responses of an organism toward any external 
stimulant or internal changes (Wang et al., 2010). This emerging 'omics' 
approach can be used as a disease diagnostic tool to evaluate the effect of 
diseases and therapeutic protocol where the biomarker may be discovered (Shi 
et al., 2016; Nicholson et al., 1999). 
 
 
1.2 Problem statement 
 
 
Malaysia does not produce its own soybeans, all the soybeans in the market 
are imported regardless of whether they are grown conventionally or organic. 
However, organic products always sold at a higher price are always claimed to 
be better, in terms of nutritional value than the non-organic products. However, 
the differences between organic and non-organic soybean in terms of their 
chemical profile remain to be further elucidated. The easiest and safest way to 
increase the nutritional value of the original food is through fermentation. 
Fermented soy products are reported to provide more health benefits to the 
body than unfermented soy products. Tempeh is a widely consumed fermented 
soybean product in Malaysia, is produced by inoculating soybeans with 
Rhizopus oligosporus and controlled incubation, leading to enzymatic 
hydrolysis of nutrients and diverse metabolite release. However, the metabolite 
changes of soybean during fermentation with R. oligosporus remains to be 
explicated. Thus, NMR metabolomics was employed to investigate the 
chemical differences between organic and non-organic soybeans that are 
available in Malaysia and assesses the impact of fermentation on the nutritional 
value of soybean. Lead intoxication even in small amounts will cause adverse 
effects on human health. Chelators are generally used to treat Pb toxicity, 
however, it is less effective for low BLL patients and will cause various negative 
side effects. The exploration of non-toxic prophylactic or therapeutic 
alternatives, such as food intervention might potentially be useful to protect the 
body system before the harm of Pb is done, or to alleviate the Pb toxicity effect. 
A soy diet has been demonstrated to mitigate the toxicity effect in rats or flies 
induced by cadmium (Cd) or Pb, respectively (Ferramola et al., 2012; Li et al., 
2020). However, the protective potentials of soybeans especially in the 
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fermented form, on in vivo model such as zebrafish under Pb exposure remain 
to be deciphered. To comprehensively explore the protective potential of 
soybeans, particularly in fermented forms, against lead toxicity in zebrafish 
under lead exposure, NMR metabolomics is employed to identify specific 
biomarkers associated with related biological mechanisms. 
 
 
1.3 Objectives 
 
 
This study targeted to evaluate the prophylactic potential of organic fermented 
soybean extract (FSE) against Pb-induced toxicity and identify their possible 
mechanism and biomarkers in the zebrafish model. The targets were 
accomplished along with the following objectives:  
 

1. To establish the metabolic fingerprint of organic and non-organic 
soybeans marketed in Malaysia and their fermentation by Rhizopus 
oligosporus. 

2. To determine the suitable Pb concentration and exposure period via 
acute toxicity. 

3. To evaluate the exposure effect of organic fermented soybean extract 
(FSE) in various concentrations on zebrafish.  

4. To identify the possible biomarker(s) in therapeutic and protective 
effect of fermented soybean extracts under acute lead-induced toxicity 
in zebrafish.  

 
 
1.4 Outline of the thesis 
 
 
This thesis is presented in seven chapters. In Chapter 1 covers the general 
research background and intentions of the study on the toxicity of Pb, the use 
of zebrafish and metabolomics approaches in toxicity study, the adverse effect 
of chelation therapy and the benefits of soybeans. Chapter 2 provides a 
comprehensive literature review that related to the current study. Chapters 3-6 
are the research chapters with the listed objectives accordingly. Chapter 3 is on 
the investigation of the chemical profiles on non-organic and organic soybeans 
and their metabolite changes after fermentation with Rhizopus oligosporus 
observed via a nuclear magnetic resonance (NMR)-based metabolomics 
approach along with liquid chromatography with tandem mass spectrometry 
(LC-MS/MS) analysis. Chapter 4 shares the determination of the suitable Pb 
concentration and exposure period via acute toxicity as a preliminary 
investigation before the actual therapeutic and prophylactic studies in the 
following chapters. Chapter 5 discusses the therapeutic effect of FSE against 
Pb-induced toxicity using the zebrafish model and the suitable exposure 
concentrations of FSE were evaluated. Chapter 6 explains the prophylactic 
effect of fermented soybean extracts against Pb-induced toxicity using the 
zebrafish model by evaluating their metabolic changes and potential 
biomarkers. Chapter 7 concludes all the research chapters with some of their 
limitations faced throughout the study and suggested several future 
applications and recommendations. 
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