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Abstract 
 

Irritable bowel syndrome (IBS) is a widespread (»10% global prevalence) female predominant 

functional gastrointestinal (GI) disorder. While it is known that IBS is underpinned by relative 

microbial dysbiosis and chronic microinflammation, current therapeutic strategies often only 

provide transient symptomatic relief (with relative neglect of inflammation) and are thus 

unsatisfactory in many cases. As such, the development of targeted therapeutics to alleviate 

GI inflammation and consequential symptomologies are required. We suggest that the trace 

aminergic system, which connects several IBS risk factors (sex, dysbiosis, diet, inflammation 

and anxiety), may be a pretermitted regulatory system that could be manipulated as a 

therapeutic target. In addition, existing data supports an interpretation of sex dependence in 

trace aminergic signalling. As such, fluctuations of female reproductive hormones, such as 

17b-estradiol (E2), may alter subsequent signalling cascades. Therefore, this thesis aimed to 

investigate the GI modulatory effects of selected trace amines (TAs), with consideration of the 

context of female predominance. 

 

To elucidate mechanisms at play, a multidisciplinary approach was necessitated. As such, 

multiple model systems were utilised, including both in vitro (microbial cultures and human 

tissue cultures) and in vivo (zebrafish larval) models. In this regard, microbial (probiotic and 

commensal strains) culturing techniques, coupled with the development of a novel 

multianalyte mass spectrometry methodology, allowed for the accurate assessment of 

microbial TA generation. Indeed, data generated in these studies highlighted firstly, the 

dependence of probiotic secretome profile on host hormonal status, and secondly, that 

specific rooibos supplementation strategies may be able to negate E2-induced alterations in 

secretome TA profiles, both of which have important implications in TA-associated symptom 

management in females with GI disorders.  

 

Data generated in vitro in HT-29 colon adenocarcinoma cells and in vivo in zebrafish larvae, 

in which the effects of increased TA load were assessed, demonstrated potential differences 

in the mechanisms of actions between TYR and AGM in particular. In this regard, extensive 

occludin redistribution was observed following TYR-exposure, which was associated with 

increased reactive oxygen species and pro-inflammatory cytokine levels, as well as tight 

junction disruption – an outcome prevented by E2 treatment. In contrast, AGM administration 

promoted the colocalization of ZO-1 and occludin to promote tight junction integrity but was 

also associated with risk of pro-oxidant damage when AGM metabolism was insufficient.  
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In conclusion, this dissertation contributes significantly to our understanding of the role of TAs 

in GI physiology, consistently illustrating (across in vitro and in vivo models), that while some 

TAs may promote disease symptomology, others may have therapeutic benefit when 

responsibly administered. From a therapeutics standpoint, data presented here crucially 

highlights the importance of dosage and administration optimisation to achieve benefit and 

minimize adverse side effects when targeting TA signalling in the context of functional GI 

disease. In addition, potential mechanistic insights by which E2 - or rather the transient cyclic 

lack thereof - is associated with trace aminergic signalling, was elucidated. 
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Opsomming 
 

Prikkelbare derm-sindroom (IBS) is ‘n wydverspreide (»10% global voorkoms) vroulik- 

oorheersde funksionele gastroïntestinale (GI) versteuring. Alhoewel dit bekend is dat IBS 

gekenmerk word deur onderliggende relatiewe mikrobiese disbiose en chroniese mikro-

inflammasie, bied huidige terapeutiese strategieë dikwels net verbygaande simptomatiese 

verligting (met relatiewe verwaarlosing van inflammasie) en is dus in baie gevalle 

onbevredigend. Die ontwikkeling van geteikende terapeutika om GI-ontsteking en gevolglike 

simptome te verlig, is dus nodig. Ons stel voor dat die spoor-aminergiese stelsel, wat verskeie 

IBS-risikofaktore (seks, disbiose, diëet, inflammasie en angs) verbind, ‘n voorafbepaalde 

regulatoriese stelsel kan wees wat as terapeutiese teiken gemanipuleer kan word. 

Daarbenewens ondersteun bestaande data ‘n interpretasie van geslagsafhanklikheid in 

spoor-aminergiese seinoordrag. As sodanig kan wisseling in vlakke van vroulike 

voortplantingshormone, soos 17b-estradiol (E2), daaropvolgende seinoordrag verander. 

Daarom het hierdie tesis gemik om die GI modulerende effekte van geselekteerde spoor-

amiene (TAs) te ondersoek, met inagneming van die vroulike konteks.  

 

Om betrokke meganismes toe te lig, was ‘n multidissiplinêre benadering genoodsaak. Dus is 

veelvuldige modelstelsels gebruik, insluitend beide in vitro (mikrobiese kulture en menslike 

selkulture) en in vivo (sebravislarwe) modelle. In hierdie verband het (probiotiese en 

kommensale) mikrobiese kweektegnieke, tesame met die ontwikkeling van ‘n nuwe multi-

analiet massaspektrometrie metodologie, die akkurate assessering van mikrobiese TA 

profiele moontlik gemaak. Inderdaad, data wat in hierdie studies gegenereer is, het eerstens 

aangedui dat probiotiese sekretoomprofiel van gasheer se hormonale status afhanklik is. 

Tweedens beklemtoon data dat spesifieke rooibos aanvullings moontlik E2-geïnduseerde 

veranderinge in sekretoom TA-profiele kan verhoed, wat albei belangrike implikasies vir TA-

geassosieerde simptoombestuur by vroue met GI-afwykings inhou.  

 

Data gegenereer in vitro in HT-29 kolon adenokarsinoomselle en in vivo in sebravislarwes, 

waarin die effekte van verhoogde TA-lading ge-evalueer is, het potensiële verskille in die 

meganismes van aksies tussen veral r-tiramien (TYR) en agmatien (AGM) getoon. In hierdie 

verband is omvattende okludien herverspreiding waargeneem na TYR-blootstelling, wat 

geassosieer is met verhoogde reaktiewe suurstofspesies en pro-inflammatoriese 

sitokienvlakke, sowel as stywe aansluiting proteïen ontwrigting – ‘n uitkoms wat deur E2 

behandeling voorkom is. Daarteenoor het AGM-toediening die ko-lokalisering van ZO-1 en 
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okludien bevorder om stywe aansluitingsintegriteit te bevorder, maar was ook geassosieer 

met risiko van pro-oksidantskade wanneer AGM metabolisme onvoldoende was.  

 

Ten slotte, dra hierdie proefskrif aansienlik by tot ons begrip van die rol van TAs in GI fisiologie, 

wat konsekwent illustreer (in beide in vitro en in vivo modelle) dat hoewel sommige TAs siekte 

simptomologie kan bevorder, ander terapeutiese voordeel kan hê wanneer dit verantwoordelik 

toegedien word. Vanuit ‘n terapeutiese oogpunt beklemtoon data wat hier aangebied word, 

die belang van dosis- en toedieningsoptimering om voordeel te bewerkstellig en nadelige 

effekte te verminder wanneer TA-seinoordrag in die konteks van funksionele GI-siekte 

geteiken word. Daarbenewens is potensiële meganistiese insigte verkry, waaronder die rol 

van E2 – of eerder die tydelike sikliese vermindering daarvan – in spoor-aminergiese 

seinoordrag.  
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and (B, D, F, H) 1 nM E2 supplementation. The area of each pie chart is indicative of the fold change 

(total TA content) compared to control (A). Abbreviations: TYR: r-tyramine, PEA: b-phenethylamine, 

TRP: tryptamine, AGM: agmatine, PUT: putrescine. 
 

Figure 4.8: The effect of rooibos (GR, GRE and FR) and estradiol (E2) treatment on secretion of (A) r-

tyramine (TYR), (B) b-phenethylamine (PEA), (C) tryptamine (TRP), (D) agmatine (AGM), and (E) 

putrescine (PUT) from Lactobacillus reuteri. The data are represented as the mean concentration of 

quantified trace amine (n=3) ± SEM. Statistical analysis: 2-way ANOVA with Tukey’s multiple 

comparison tests; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001, Y = main ANOVA effect of 

E2, W = main ANOVA effect of rooibos. Asterisk’s (*) represent TA dose effect under the same E2 

condition, while hashtags (#) represent effect of E2. Abbreviations: GRE: ethanol extract of green 
rooibos, GR: aqueous extract of green rooibos, FR: aqueous extract of fermented rooibos. 
 
Figure 4.9: Changes in the relative distribution (% of total) of trace amines in the secretome of 
Saccharomyces boulardii following rooibos and estradiol (E2) treatment. Rooibos treatments were as 
follows: (A & B) control media, (C & D) green rooibos extract media (GRE), (E & F) green rooibos media 

(GR), and (G & H) fermented rooibos media (FR). E2 treatments were as follows: (A, C, E, G) control 
(no E2), and (B, D, F, H) 1 nM E2 supplementation. The area of each pie chart is indicative of the fold 

change (total TA content) compared to control (A). Abbreviations: TYR: r-tyramine, PEA: b-
phenethylamine, TRP: tryptamine, AGM: agmatine, PUT: putrescine. 

 
Figure 4.10: The effect of rooibos (GR, GRE and FR) and estradiol (E2) treatment on secretion of (A) 

r-tyramine (TYR), (B) b-phenethylamine (PEA), (C) tryptamine (TRP), (D) agmatine (AGM), and (E) 
putrescine (PUT) from Saccharomyces boulardii. The data are represented as the mean concentration 

of quantified trace amine (n=3) ± SEM. Statistical analysis: 2-way ANOVA with Tukey’s multiple 

comparison tests; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001, Y = main ANOVA effect of 

E2, W = main ANOVA effect of rooibos. Asterisk’s (*) represent TA dose effect under the same E2 

condition, while hashtags (#) represent effect of E2. Abbreviations: GRE: ethanol extract of green 
rooibos, GR: aqueous extract of green rooibos, FR: aqueous extract of fermented rooibos. 
 
Supplementary Figure 4.1: Chromatograms of different rooibos preparations following q-TOF 
analyses targeting phenolic compounds. 
 

Figure 5.1: Effects of green rooibos extract (GRE) and 17b-estradiol (E2) on the percentage of relative 

area of imaged HT-29 cell monolayer that stained positive for tight junction proteins occludin (A to D) 

and ZO-1 (E to H) following selected TA-exposure (200 ng/mL): (A, E) b-phenethylamine (PEA), (B, F) 

tryptamine (TRP), (C, G) r-tyramine (TYR), and (D, H) agmatine (AGM). Data are represented at mean 

Stellenbosch University https://scholar.sun.ac.za



 8 

(% of total imaged area) ± SEM. Statistical analysis: 2-way ANOVAs with Tukey’s multiple comparison 

tests: * = p <0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 
 
Figure 5.2: Representative fluorescent micrographs showing the effects of trace amines (TA), green 

rooibos extract (GRE), 17b-estradiol (E2) and combined treatments on tight junction proteins in HT-29 

cell monolayers. Green signal = ZO-1, red signal = occludin, yellow signal = colocalized ZO-1 and 
occludin signal, and blue signal = Hoechst. All fluorescent images are maximum intensity projections 

of acquired z-stacks, imaged using the 60 x oil immersion objective. Scale bar = 10 µm. Abbreviations: 

PEA: b-phenethylamine, TRP: tryptamine, TYR: r-tyramine, AGM: agmatine 
 

Figure 5.3: Effects of green rooibos extract (GRE) and 17b-estradiol (E2) on the concentration of 

prostaglandin E2 (PGE2) secreted by HT-29 cell monolayers following selected TA-exposure (200 

ng/mL): (A) b-phenethylamine (PEA), (B) tryptamine (TRP), (C) r-tyramine (TYR), and (D) agmatine 

(AGM). Data are represented at mean ± SD, n=3. Statistical analysis: 2-way ANOVAs with Tukey’s 

multiple comparison tests: * = p <0.05, ** = p <0.01, *** = p < 0.001. 
 
Figure 5.4: Effects of green rooibos extract (GRE) and estradiol (E2) on the concentration of interleukin-

8 (IL-8) secreted by HT-29 cell monolayers following selected TA-exposure (200 ng/mL): (A) b-

phenethylamine (PEA), (B) tryptamine (TRP), (C) r-tyramine (TYR), and (D) agmatine (AGM). The data 

are represented at mean ± SD, n=3. Statistical analysis: 2-way ANOVAs with Tukey’s multiple 

comparison tests: * = p <0.05, ** = p <0.01, *** = p < 0.001, **** = p < 0.0001.  
 
Supplementary Figure 5.1: Changes in the relative distribution (% of total) of fifteen major phenolic 
constituents due to differential rooibos processing: (A) green rooibos ethanol extract (GRE), (B) green 
rooibos, and (C) fermented rooibos. Abbreviations: PPAG: phenylpropenoic acid glucoside. 

 
Supplementary Figure 5.2: WST-1 results showing the effect of varying green rooibos extract (GRE) 

doses on HT-29 colon cell viability. Data are represented as mean % of control ± SD, n=3. Statistical 
analysis: One-way ANOVA with Tukey’s multiple comparison test, *** = p<0.001, **** = p<0.0001. 

 
Figure 6.1: Schematic illustrating longitudinal sections through larvae that enabled the correct 
orientation and assessment of the desired – mid-intestinal – gut region. 
 
Figure 6.2: Basal locomotion of zebrafish larvae (7 dpf) following selected trace amine (TA) exposure 

in the absence or presence of an inflammatory stimulus (TNBS; 25 µg/mL, 2-day exposure). Total 

distance travelled (mm) over a 10-minute period was captured utilising Ethovision software following 24 

hr selected TA treatments: b-phenethylamine (PEA), tryptamine (TRP), r-tyramine (TYR), and 

agmatine (AGM). Data are represented as individual scatter dot plots with mean ± SEM, n=12. 
Statistical analyses: 2-way ANOVA with Tukey’s multiple comparison tests; */# = p<0.05, ***/### = 
p<0.001, **** = p<0.0001. Hashtags (#) represent differences within TNBS treatment groups, while 
asterisks (*) represent differences between TNBS treatment groups. 

 

Figure 6.3: Length of neutral red stained mid-intestine (µm) in zebrafish larvae (7 dpf) following 

exposure to selected trace amines (TAs): b-phenethylamine (PEA), tryptamine (TRP), r-tyramine 

(TYR), and agmatine (AGM), in the absence or presence of TNBS (25 µg/mL, 2-day exposure). Data 

are expressed as mean ± SD, n=9. In addition, TNBS treatment with subsequent prednisolone co-

administration is represented as mean (white dotted line) ± SD (greyed area) as the standard internal 

rescue control. Statistical analyses: 2-way ANOVA with Tukey’s multiple comparison tests; */# = p<0.05, 
**/## = p<0.01, ****/#### = p<0.0001. Hashtags (#) represent TA effects within TNBS treatment groups, 
while asterisks (*) represent effects between TNBS groups for the same TA treatment.  
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Figure 6.4: Representative fluorescent micrographs showing the effects of selected trace amines 

(TAs), TNBS, 17b-estradiol (E2), prednisolone, and combined treatments on tight junction proteins in 

zebrafish larvae (7 dpf) mid-intestines. Green signal = ZO-1, red signal = occludin, blue signal = 

Hoechst. All micrographs were imaged using a 60x objective; scale bar = 10 µm. Abbreviations: PEA: 

b-phenethylamine, TRP: tryptamine, TYR: r-tyramine, AGM: agmatine. 
 
Figure 6.5: Mid-intestinal immunofluorescent tight junction protein signal in stained zebrafish larvae (7 

dpf) treated with 25 µM b-phenethylamine (PEA) or tryptamine (TRP) or r-tyramine (TYR) or agmatine 

(AGM), in the absence or presence of TNBS and 17b-estradiol (E2). In addition, the effects of TNBS 

treatment (yellow bar), and TNBS and prednisolone (Pred) co-administration are represented (white 
bar). In (A) the effect on ZO-1 intensity is reported while in (B) the effect on occludin intensity is reported. 

Data are expressed as mean fluorescent intensity ± SEM, n=6. Statistical analyses: One-way ANOVA 

with Tukey’s multiple comparison tests; */#/@ = p<0.05, **/##/@@ = p<0.01, ### = p<0.001, ****/#####/@@@@ 
= p<0.0001. Asterisks (*) represent differences compared to the control group, hashtags (#) represent 
differences compared to the TNBS only group, asperands (@) represent differences compared to the 
AGM only group. 
 
Figure 6.6: Hydrogen peroxide (H2O2) levels in pooled zebrafish larvae (7 dpf; n=25 per pooled 

sample). In (A) the effect of TNBS (25 µg/mL, 2-day exposure) in combination with prednisolone (P: 25 

µg/mL, 1-day exposure), 17b-estradiol (E2: 20 nM, 2-day exposure) and tamoxifen (TAM: 2.5 µM, 2-

day exposure) are displayed. In (B) H2O2 outcome in response to trace amine (TA) dose responses (25 

µM, 50 µM, and 100/200 µM) are displayed. Additionally, the basal (control) H2O2 level is depicted 

(black dotted line). Data are expressed as mean concentration per total protein as % of control ± SD, 
n=6. Statistical analyses: One-way ANOVA with Tukey’s multiple comparison tests; * = p<0.05, ** = 
p<0.01, *** = p<0.001, **** = p<0.0001. Asterisks (*) represent differences compared to the control 

group (dotted line). Abbreviations: b-phenethylamine (PEA), (C) tryptamine (TRP), (D) r-tyramine 
(TYR), and (E) agmatine (AGM). 
 
Figure 6.7: Hydrogen peroxide (H2O2) levels in pooled zebrafish larvae (7 dpf; n=25 per pooled sample) 

treated with 25 µM (left column) or 100 µM (right column) of selected trace amines: (A&B) b-

phenethylamine (PEA), (C&D) tryptamine (TRP), (E&F) r-tyramine (TYR), and (G&H) agmatine (AGM), 

in the absence (-) or presence (+) of TNBS (25 µg/mL, 2-day exposure), 17b-estradiol (E2: 20 nM, 2-

day exposure) and tamoxifen (TAM: 2.5 µM, 2-day exposure). In addition, the mean ± SD of TNBS only 
condition is represented by the dotted black line and greyed box respectively, located next to the y-axis. 

Data are expressed as mean concentration per total protein as % of control ± SD, n=6. Statistical 

analyses: One-way ANOVA with Tukey’s multiple comparison tests; * = p<0.05, ** = p<0.01, *** = 
p<0.001, **** = p<0.0001. 
 
Figure 6.8: Prostaglandin E2 (PGE2) levels in pooled zebrafish larvae (7 dpf; n=25 per pooled sample). 

In (A) the effect of TNBS (25 µg/mL, 2-day exposure) in combination with prednisolone (P: 25 µg/mL, 

1-day exposure), 17b-estradiol (E2: 20 nM, 2-day exposure) and tamoxifen (TAM: 2.5 µM, 2-day 

exposure) are displayed. In (B) H2O2 outcome in response to trace amine (TA) dose responses (25 µM, 

50 µM, and 100/200 µM) are displayed. Additionally, the basal (control) PGE2 level is depicted (black 

dotted line). Data are expressed as mean concentration per total protein as % of control ± SD, n=3. 

Statistical analyses: One-way ANOVA with Tukey’s multiple comparison tests; * = p<0.05, ** = p<0.01, 
*** = p<0.001, **** = p<0.0001. Asterisks (*) represent differences compared to the control group (dotted 

line). Abbreviations: b-phenethylamine (PEA), (C) tryptamine (TRP), (D) r-tyramine (TYR), and (E) 

agmatine (AGM). 
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Figure 6.9: Prostaglandin E2 (PGE2) levels in pooled zebrafish larvae (7 dpf; n=25 per pooled sample) 

treated with 25 µM (left column) and 100 µM (right column) of selected trace amines: (A&B) b-

phenethylamine (PEA), (C&D) tryptamine (TRP), (E&F) r-tyramine (TYR), and (G&H) agmatine (AGM), 

in the absence (-) or presence (+) of TNBS (25 µg/mL, 2-day exposure), 17b-estradiol (E2: 20 nM, 2-

day exposure) and tamoxifen (TAM: 2.5 µM, 2-day exposure). In addition, the mean ± SD of TNBS only 

condition is represented by the dotted black line and greyed box respectively, located next to the y-axis. 

Data are expressed as mean concentration per total protein ± SD, n=3. Statistical analyses: One-way 

ANOVA with Tukey’s multiple comparison tests; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. 
 
Supplementary Figure 6.1: Representative micrographs of neutral red stained zebrafish larvae. 
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Chapter 1 

Introduction 
 
Irritable bowel syndrome (IBS) is a highly predominant functional gastrointestinal disorder 

(FGID) (Oswiecimska et al., 2017, Sperber et al., 2021). Currently, IBS is estimated to affect 

around 1 in 10 individuals, relating to a global prevalence of 10 % (Endo et al., 2015, Black 

and Ford, 2020). Importantly, IBS is distinctly different from inflammatory bowel diseases 

(IBD). In this regard, FGIDs such as IBS, have no obvious structural gastrointestinal (GI) 

alterations, and as such diagnosis and subsequent classification is based on clinical 

symptomology (Rome IV Criteria). Despite the fact that IBS is not a life-threatening condition, 

suboptimal treatment, lack of highly predictive diagnostic biomarkers, and the complexity and 

heterogeneity of symptomology makes management difficult and unsatisfactory in many cases 

(Moayyedi et al., 2017). Therefore, it is evident that a more thorough understanding of the 

pathophysiology underpinning IBS is required to improve the therapeutic strategies and 

armamentarium currently being implemented.  

 

In addition, and of particular importance to this thesis, epidemiological studies have 

consistently shown female predominance for IBS in patient populations. Generally, female 

predominance in this context is reported as a ratio of 2:1, however, this ratio can increase to 

up to 5:1 in tertiary care settings (Mulak et al., 2014). In fact, gonadal maturation often 

coincides with IBS symptom onset (Heitkemper and Jarrett, 2008), and GI symptom fluctuation 

and exaggeration (flare ups) are often reported during pre-menses/menses and pre-

menopausal phases (Kane et al., 1998, Whitehead et al., 1990, Heitkemper et al., 2002), 

implicating – at least to some degree – female reproductive hormones as confounding factors 

in the aetiology of IBS.  

 

Given the lack of effective therapies in this context, as well as a suboptimal understanding of 

the regulatory mechanisms or maladaptation which are associated with or underpin IBS 

pathophysiology (Chong et al., 2019), this thesis aimed to investigate the actions of the trace 

aminergic system, as an overlooked regulatory role player. Trace amines (TAs) are a class of 

biogenic amines that are produced endogenously at very low concentrations in neuronal 

tissues. In the GI context, however, high levels of TAs can originate from microbial sources 

i.e. microbial transformation of L-amino acids in the gut, or from direct consumption of certain 

microbially fermented foods. Given that the gut microbiome is attributed several regulatory 

roles, not only for maintenance of the GI environment but also systemic host functioning (Yue 

et al., 2020, Agus et al., 2021, Chen et al., 2021), relative gut dysbiosis (which is a recognized 

Stellenbosch University https://scholar.sun.ac.za



 17 

risk factor for IBS (Wang et al., 2020) and importantly the ensuing functional dysbiosis (i.e. 

changes in microbial secretomes), may contribute to altered TA levels, potentially implicating 

the gut microbiota in subsequent disease progression and symptomology. In the IBS context 

specifically, the trace aminergic system links together several risk factors, such as sex 

(Liberles & Buck, 2006), diet (Barbieri et al, 2019), dysbiosis (Ponnusamy et al., 2011, Jacobs 

et al., 2016, Santoru et al., 2017), inflammation (Babusyte et al., 2013, Islam et al., 2017), and 

anxiety, potentiating its association with other regulatory systems such as the inflammatory or 

redox systems. Indeed, we endeavored not only to investigate the role of the trace aminergic 

system in the context of aberrant functioning related to potential pathology (as hypothesized), 

but also in the context of a ‘return to homeostasis’ (i.e. what is ‘normal’ and how should the 

system be targeted to return to ‘normal’). Moreover, the physiological relevance of the trace 

aminergic system in GI conditions, as well as potential therapeutic targets, are discussed.  

 

For the purpose of this dissertation the specific effects of four selected TAs - b-phenethylamine 

(PEA), tryptamine (TRP), r-tyramine (TYR) and agmatine (AGM) - were primarily investigated. 

These TAs were selected due to their known capacity for generation (from L-amino acid 

precursors – which are in rich supply in the gut) and secretion by representative GI microbes 

(Luqman et al., 2018, Nakamura et al., 2019, Pugin et al., 2017). In addition, these TAs have 

known peripheral roles in the gastrointestinal tract (GIT) and have been subsequently 

identified as potential biomarkers of dysbiosis/GI disorders (Jacobs et al., 2016, Ponnusamy 

et al., 2011, Santoru et al., 2018). Importantly, these TAs also seem to play roles in the 

regulation of inflammatory and redox functioning (Babusyte et al., 2013, Milosevic et al., 2022, 

Islam et al., 2017).  

 

Seeing that IBS is a complex, multifactorial disease, it was clear that a multidisciplinary 

approach would be required to not only better understand the aetiology of IBS, but also to 

make advancements in terms of therapeutic strategies. Indeed, a significant strength of this 

thesis is the multi-model approach utilized, which consisted of in vitro investigations in 

microbial (commensal and probiotic) and tissue (HT-29 colon adenocarcinoma) cultures, as 

well as in vivo experimentation in a zebrafish larval model of TNBS-induced GI inflammation.  

 
This thesis is presented in a hybrid format. The work presented in Chapters 2 (literature 

review), 3 and 4 (original data) has been published, while manuscripts of further original data 

(as presented in Chapters 5 and 6) are currently under review. Specifically, an in-depth 

literature review deliberating the proposed role of TAs and their associated receptor in IBS, as 

well as the putative links to sex will be presented in Chapter 2. Original data will be presented 
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in the subsequent four chapters. Chapter 3 presents data from in vitro microbial, and HT-29 

cell cultures, demonstrating the effects of TAs on gut epithelial tight junction protein (TJP) and 

inflammatory status, as well as the effects of 17b-estradiol (E2) on the microbial TA production 

and downstream effects of TAs. Chapter 4 will present data on the characterisation of three 

different rooibos preparations, as well as their respective effects on microbial growth and 

secretomes TA profiles, compared to E2. Chapter 5 will present data that describes the 

specific differences of E2 and rooibos to prevent specific TA-induced TJP damage, as well as 

inflammatory profile outcomes. In addition, the potential synergistic actions of rooibos and 

AGM as therapeutic strategies are proposed. Finally, Chapter 6 will present data that 

describes the in vivo effects of TAs in a zebrafish larval model of GI inflammation in the 

presence and absence of E2 and tamoxifen (TAM), to elucidate mechanisms and major role 

players in the content of GI inflammation. This model in particular, allowed for investigation 

into potential targets for future therapeutic investigations. These chapters will be followed by 

a synthesis in Chapter 7 and a full reference list in Chapter 8.  
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Chapter 2 

Literature Review 
 

The trace aminergic system: a gender-sensitive therapeutic target 
for IBS? 
 

This chapter has been published in the Journal of Biomedical Sciences (Impact Factor: 8.41). 

 

Citation reference: Pretorius, L., Smith, C. (2020) The trace aminergic system: a gender-

sensitive therapeutic target for IBS? J Biomed Sci. 27:95. https://doi.org/10.1186/s12929-

020-00688-1  

 

2.1 Abstract 

 

Due to a lack of specific or sensitive biomarkers, drug discovery advances have been limited 

for individuals suffering from irritable bowel syndrome (IBS). While current therapies provide 

symptomatic relief, inflammation itself is relatively neglected, despite the presence of chronic 

immune activation and innate immune system dysfunction. Moreover, considering the 

microgenderome concept, gender is a significant aetiological risk factor. We believe that we 

have pinpointed a “missing link” that connects gender, dysbiosis, diet, and inflammation in the 

context of IBS, which may be manipulated as therapeutic target. The trace aminergic system 

is conveniently positioned at the interface of the gut microbiome, dietary nutrients and by-

products, and mucosal immunity. Almost all leukocyte populations express trace amine 

associated receptors and significant amounts of trace amines originate from both food and the 

gut microbiota. Additionally, although IBS-specific data are sparse, existing data supports an 

interpretation in favour of a gender dependence in trace aminergic signalling. As such, trace 

aminergic signalling may be altered by fluctuations of especially female reproductive 

hormones. Utilizing a multidisciplinary approach, this review discusses potential mechanisms 

of actions, which include hyperreactivity of the immune system and aberrant serotonin 

signalling, and links outcomes to the symptomology clinically prevalent in IBS. Taken together, 

it is feasible that the additional level of regulation by the trace aminergic system in IBS has 

been overlooked, until now. As such, we suggest that components of the trace aminergic 

system be considered targets for future therapeutic action, with the specific focus of reducing 

oxidative stress and inflammation. 

 

2.2 Introduction 

 

Irritable bowel disease (IBS) is a functional gastrointestinal disorder, which is prevalent in 

more than 10% of the global population (Endo et al., 2015). Although IBS is easily recognised 

(recurrent abdominal pain associated with change in stool consistency and frequency, as is 

the case in inflammatory bowel disorder (IBD) (Bennet et al., 2015), but in the absence of 
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structural abnormalities (Lacy and Patel, 2017)), there is still a lack of any sensitive or specific 

biomarkers (Rodino-Janeiro et al., 2018), limiting advancement in terms of drug discovery for 

treatment of this debilitating condition.  

 

It is important to note that epidemiological studies have consistently shown female 

predominance for IBS in patient populations, with ratios of up to 5:1 in tertiary care settings 

(Mulak et al., 2014). Furthermore, many women with IBS report gastrointestinal (GI) symptom 

fluctuation and exaggeration (flares) during pre-menses and pre-menopausal phases (Kane 

et al., 1998, Whitehead et al., 1990, Heitkemper et al., 2002). Although, some of these 

symptoms seem to be common among non-IBS or normally asymptomatic women too (Mulak 

et al., 2014, Bharadwaj et al., 2015b), however, the fact that IBS symptom onset often 

coincides with gonadal maturation, again implicates hormone levels as confounder in IBS 

aetiology (Heitkemper and Jarrett, 2008). 

 

In terms of current IBS therapy, treatment strategies range from microbiota-based therapies 

(probiotics, prebiotics, synbiotics, non-absorbable antibiotics and faecal microbiota 

transplants) to opioid receptor agonist/antagnoists, and dietary interventions, most of which 

provide symptomatic relief (Chong et al., 2019). Of specific interest to this review, present-day 

strategies seem focused on addressing clinically evident symptoms only, with relative neglect 

of inflammation, despite the fact that chronic immune activation and innate immune system 

dysfunction is implicated in IBS pathogenesis (Lazaridis and Germanidis, 2018). The 

importance of considering inflammation in IBS, is underlined by several factors. Firstly, a 

recent review concluded that gender-differences in inflammation – specifically the fact that 

prognosis in chronic inflammatory conditions are worse in females, in line with the female 

predominance in IBS – cannot be fully accounted for by hormonal differences between 

genders (Casimir et al., 2018). Secondly, psychosocial stress is the most generally recognized 

risk factor for both development and relapse of IBS (Vannucchi and Evangelista, 2018). Here 

again, females are more at risk, with a significant female predominance reported for anxiety 

and depression-associated disorders (Altemus et al., 2014). Taken together, it is clear that 

gender is a significant role player in IBS risk, but that hormone differences alone are probably 

not the only predictor of outcome. 

 

We believe that we have identified a “missing link” that ties together gender, diet, inflammation 

and anxiety in the context of IBS, which may be exploited as a therapeutic target. The trace 

aminergic system was first described in non-human mammals, as having a “sexual cue” 

function (Liberles and Buck, 2006). Most trace amine associated receptors associate closely 

with olfactory neurons, suggesting a pheromone-type function. In line with this, significant 
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gender differences were reported for trace amine levels (Liberles and Buck, 2006). 

Furthermore – and specifically relevant to the review topic and IBS – trace amine synthesis 

has been reported in human neurons, where it is thought to modulate neuronal signalling (Pei 

et al., 2016, Miller, 2011, Berry, 2004), and high levels of trace amines have been found in 

specific foods, as well as bacterial secretomes (Moracanin et al., 2015, Ruiz-Capillas and 

Herrero, 2019, Barbieri et al., 2019, Lorencová et al., 2012). Taken together, it is therefore 

possible that the trace aminergic system may be an additional level of control/maladaptation 

in IBS that has been largely overlooked until now. It is also clear that in order to make 

advances in terms of therapeutic strategies, or even better understanding of disease aetiology, 

a multi-disciplinary approach is required. 

 

This review therefore aims to provide an integrated and holistic picture of IBS aetiology, 

including a critical assessment of current methodologies employed in this context where 

relevant. Drawing from different disciplines in science, we then provide a comprehensive 

review of the literature on the trace aminergic system, in support of our hypothesis that this 

system may be targeted therapeutically in the context of IBS. 

 

2.3 The complexity that is IBS 

 

Given the difficulty of IBS management, it would be foolish to underestimate the complexity of 

the disease aetiology. For the purpose of the current discussion, in the next few sections, we 

provide an overview of only the most relevant processes at play.  

 

2.3.1 Oxidative stress and inflammation 
Inflammation and oxidative stress go hand in hand, especially in chronic inflammatory 

disorders, where the poorer prognosis in females has been specifically linked to greater 

oxidative damage resulting from inflammation (Akira and Takeda, 2004, Flak et al., 2013). 

While the susceptibility of cells to oxidative stress is largely variable between individuals and 

specific tissue types, a review by Jones et al., (2012) explains that the GI tract (GIT) is a 

particularly high reactive oxygen species environment. Furthermore, in cancer literature, the 

presence of estrogen receptors (ERs) are commonly known to render cells more sensitive to 

oxidative stress via diminished antioxidant activities (Mobley and Brueggemeier, 2004, Betts 

et al., 2017). Similar results have been observed in IBS patients. For example, in a study 

including 36 IBS patients, plasma activities of xanthine oxidase and adenosine deaminase, 

and plasma concentrations of malondialdehyde (MDA) and nitric oxide, were significantly 

higher in patients than controls, while superoxide dismutase, catalase and glutathione 
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peroxidase activities were significantly lower (Mete et al., 2013). These results suggest that 

altered oxidant-antioxidant responses are prevalent in patients with IBS. While both males 

and females formed part of the study, no analysis in gender differences was performed. 

Furthermore, increased oxidative stress-related markers (elevated MDA, decreased total 

antioxidant capacity) were reported in 90 IBS patients more recently (Choghakhori et al., 

2017b), with a tendency for female patients to have a worse redox profile (Choghakhori et al., 

2017a). Together, these data suggest oxidative damage to be a major contributor to female 

predominance of IBS.  

 

Of course, plasma redox status is not necessarily an accurate indication of the status at tissue 

level. Although clinical evidence of oxidative stress within the intestinal wall is lacking, studies 

in rodent models of IBS have reported evidence suggestive of oxidative stress in the intestinal 

wall as well. For example, the total antioxidant capacity (measured by FRAP) of large intestine 

homogenates of rats (IBS induced by restraint-stress) was significantly reduced compared to 

controls (Zamani et al., 2005, Mozaffari et al., 2011). Moreover, Mozaffari et al., (2011) 

reported significant increases in myeloperoxidase activity and lipid peroxidation in the same 

homogenates. These reductions in antioxidant capacity reportedly correlated with 

gastrointestinal symptomology as well. While similar studies in humans are lacking, it has 

been reported that neutrophil counts in colonic biopsies of patients with IBS are significantly 

increased compared to control (Chadwick et al., 2002), which may in turn result in increased 

myeloperoxidase levels, for example, in the colon tissue. Additionally, a very recent study 

utilising confocal laser endomicroscopy, reported that patients with IBS have a six-fold higher 

prevalence of colorectal mucosa micro-inflammation than healthy controls (Robles-Medranda 

et al., 2020). Considering that inflammation and oxidative stress are linked, often occurring in 

tandem, it is likely that local effects of oxidative damage/stress are implicated in IBS-related 

gastrointestinal symptomology. 

 

As is the case for many chronic inflammatory diseases, it is difficult to know whether oxidative 

stress or inflammation manifests first. However, given the self-perpetuating cycle of oxidative 

stress and inflammation, it is not unexpected that a pro-inflammatory phenotype (increased 

TNFa and IL-17, decreased IL-10) is prevalent in IBS (Lazaridis and Germanidis, 2018). Also, 

in the context of inflammation, a female bias has been reported, with females exhibiting higher 

inflammatory capacity and generally having poorer prognosis in chronic inflammatory disease 

(Casimir et al., 2018). 

 

Inflammation is, however, not just an outcome of oxidative stress, but is interconnected with 

other significant role players in IBS, as demonstrated in the following sections. 
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2.3.2 Serotonin dysregulation 
Serotonin - or 5-hydroxytryptamine (5-HT) - is a well-known neurotransmitter and neuro-

hormone, which modulates several GI functions, such as motility, visceral sensitivity, immune 

function and blood flow (Kim and Camilleri, 2000). Additionally, due to its prominent role in the 

gut-brain axis, perturbations in 5-HT signalling have also been implicated in the 

pathophysiology of IBS (Camilleri, 2009, Chong et al., 2019, Crowell, 2004, Gershon, 2013, 

Gershon and Tack, 2007, Padhy et al., 2015, Pata et al., 2004). Mucosal serotonergic 

enterochromaffin (EC) cells are sensory transducers that respond to luminal stimuli by 

secreting 5-HT into the intestinal wall to stimulate the primary afferent nerve fibers of the 

enteric nervous system (Makker et al., 2015, Bellono et al., 2017). Although relatively sparse 

(less than 1% of intestinal epithelia), EC cells produce more than 90% of the body’s 5-HT and 

have been suggested to affect a variety of physiological and pathophysiological states 

(Gershon, 2013, Mawe and Hoffman, 2013).  

 

Indeed, in IBS, evidence of dysregulated serotonergic signalling has been established. The 

most reproducible results indicate that patients with diarrhoea-predominant IBS have higher 

blood levels of 5-HT (Bearcroft et al., 1998), while patients with constipation-predominant IBS 

have lower blood levels of 5-HT (Dunlop et al., 2005, Atkinson et al., 2006) compared to 

healthy controls.  

 

Also here, a gender-dependence is evident: 17b-estradiol (E2) regulates the concentration of 

5-HT via two mechanisms. Firstly, E2 increases synthesis of tryptophan hydroxylase (Bethea 

et al., 2000a, Bethea et al., 2000b), which is the rate-limiting factor in the conversion of 

tryptophan to 5-HT, thereby increasing the concentration of 5-HT (Blum et al., 1996, Sze et 

al., 2000). Secondly, E2 inhibits gene expression of the serotonin reuptake transporter 

(SERT), and also acts as a SERT inhibitor, consequently promoting the actions of 5-HT by 

increasing its availability in synapses and interstitial spaces (Pecins-Thompson et al., 1998, 

Ofir et al., 2003). Beyond increasing concentration and availability of 5-HT, E2 also modulates 

the actions of 5-HT. This is because the activation of E2 receptors affects the state and 

distribution of 5-HT receptors. For example, higher levels of E2 in the presence of 

progesterone (Prog), upregulates ERb - resulting in upregulation of the 5-HT2A receptor 

(Ostlund et al., 2003) (Kugaya et al., 2003, Moses-Kolko, 2003) - and downregulates ERa 

(Cheng et al., 2005) - resulting in a decreased NFkB-associated activation of 5-HT1A receptors 

(Wissink et al., 2001). Therefore, during the reproductive phase of a female lifespan (higher 

E2 and Prog levels), E2 causes an increase in the density and binding of the 5-HT2A receptor.  
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It is notable that the 5-HT2A receptor gene is expressed in the brain and the gut (Raote et al., 

2007), and has been reported as the main 5-HT receptor in the perception of pain (Tokunaga 

et al., 1998), which may contribute to female bias in pain processing, specifically in an IBS 

context (Meleine and Matricon, 2014). Interestingly, a study by Pata et al. (2004) implicated 

5-HT2A receptor gene polymorphisms as a genetic component of IBS pathophysiology. 

Specifically, a high incidence of homozygous C allele of the 102T/C polymorphism (also 

reported in patients with depression and anxiety) and homozygote A allele of the −1438 G/A 

promoter region was reported in patients with IBS. Moreover, the patients with T/T genotype 

had a significantly higher visual analogue score (determines severity of chronic abdominal 

pain) than patients with other genotypes, suggesting that the T/T genotype potentates pain 

perception, although it is not unique to IBS. It remains to be elucidated if a gender bias exists 

for this type of mutation. Nevertheless, in line with this data, abdominal pain is a hallmark of 

IBS and is often a result of colonic distension and visceral hypersensitivity (Crouzet et al., 

2013). Of further relevance, it has been reported that 5HT2A −/− mice had smaller enterocytes, 

fewer paneth cells, and thinner muscle layers, compared to 5-HT2A +/+ littermates (Florica-

Howells et al., 2002). However, since this receptor does not seem to affect colonic transit time, 

IBS treatments targeting 5-HT receptors have classically focused on 5-HT3 (facilitates enteric 

to central nervous system signalling and promotes gut motility), 5-HT4 (augments peristalsis 

and intestinal secretion), 5-HT1B (initiates peristalsis) receptors (Fayyaz and Lackner, 2008) 

and even 5-HT1AR – for which decreased activity has been linked to exacerbated symptoms 

of depression (Gorinski et al., 2019), a known co-morbidity in IBS. The role of 5HT2A receptors 

in the context of IBS-related pain remains to be fully elucidated. 

 

2.3.3 Altered colonic ion secretion 
While colonic ion secretion is critically important in maintaining GI motility, there is no concrete 

evidence that patients with IBS (regardless of the subtype) suffer from primary secretory 

diathesis (Camilleri, 2015). Moreover, it is reasonable to suggest that different IBS subtypes 

would be characterised by different secretory ion profiles, resulting in either constipation (more 

common in females) or diarrhoea (more common in males). In terms of a reproductive 

hormone effect, E2 is a known modulator of ion-secretion, also independent of its effect on 5-

HT signalling. Both ERa and ERb have been detected in distal colonic crypts (Thomas et al., 

1993), where E2 was shown to inhibit epithelial chloride ion secretion in female rats (Condliffe 

et al., 2001), resulting in significant water and salt retention during high estrogen states 

(O'Mahony and Harvey, 2008). Of interest, the gender bias for the anti-secretory action of 

estrogen was attributed to gender specificity of ion transporter protein expression profiles 

(Condliffe et al., 2001). Furthermore, E2 reduced currents mediated by the KCNQ1:KCNE3 
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potassium channel in an Ussing chamber model (Alzamora et al., 2011). Similarly, more 

recent data shows that E2 links to intracellular calcium, cystic fibrosis transmembrane 

conductance regulator and Cl-/HCO3
- secretion (Yang et al., 2017). Seeing that E2 inhibits 

colonic chloride ion secretion (consequentially reducing water movement to the lumen), it 

makes sense that females with IBS generally present with reduced colonic transit/GI motility 

and constipation, symptoms which alter drastically during menses. 

 

2.3.4 Gut dysbiosis 
Up to now, gender-association has been a continuous thread through all factors contributing 

to IBS aetiology. However, although it is clear in other disease contexts, e.g. auto-immune 

disease, that a gender bias indeed also exist in terms of gut microbial content and/or function 

(Rizzetto et al., 2018), this association is less clear in IBS, due to a relative lack of research 

in this context. 

  

Nevertheless, the gut microbiota is widely regarded as a regulatory system that actively 

mediates numerous physiological functions as part of its symbiotic relationship with its host, 

via generation of metabolites to affect both nearby and distant organs (Marcobal et al., 2013, 

Wikoff et al., 2009), including the brain (Matsumoto et al., 2013). This ability to predict clinical 

phenotype was even recently suggested to be superior to the predictive power of genetics 

(Rothschild et al., 2018). Indeed, altered bacterial composition, the so-called dysbiosis, is 

associated with a spectrum of diseases, including neuropathology and inflammatory 

conditions (Distrutti et al., 2016). For example, germ-free animals demonstrate delayed gastric 

emptying and intestinal transit, reduced migrating motor complex cycling and propagation, and 

reduced GABA and VAP-33 gene expression, when compared with animals raised in a normal 

laboratory environment (Barbara et al., 2016). Thus, it is not surprising that some form of 

compositional dysbiosis (altered microbial alpha and/or beta diversity) has been implicated as 

an etiological factor in the development of various gastrointestinal disorders, including IBS 

(Neish, 2009, Park et al., 2011, Quigley, 2009, Klem et al., 2017), where it is thought to drive 

persistent low-grade inflammation and chronic gut dysfunction (Collins et al., 2009). Globally, 

data on IBS patients suggest reductions in microbial diversity, altered proportions of specific 

bacterial groups, shifts between mucosal and luminal bacterial abundance (Carroll et al., 

2010), and a higher degree of temporal instability of microbiota (Distrutti et al., 2016), when 

compared to healthy individuals.  

  

However, there are several shortcomings of exploring compositional dysbiosis in the context 

of IBS. Firstly, the compositional alterations reported in the literature are not specific to IBS - 

similar changes in microbial diversity are found in numerous diseases and conditions (Collins 
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et al., 2009, Distrutti et al., 2016). This raises questions regarding their specificity as potential 

disease biomarkers. Similarly, some authors have criticized whether a relative microbial 

imbalance that is assessed in a cross-sectional approach, would accurately represent a 

disease or reflect whether this imbalance occurs secondary to disease-related behaviours 

(poor lifestyle choices), as this requires analysis of consecutive samples with simultaneous 

disease variation (Enck and Mazurak, 2018). Secondly, many of these studies have produced 

conflicting results within the IBS population (Dlugosz et al., 2015) for various reasons 

commonly ascribed to methodology or study design (Lozupone et al., 2013, Mavrangelos et 

al., 2017, Pozuelo et al., 2015, Tap et al., 2017). Thirdly, an improvement in the fairly basic 

genus-species analysis most often employed (Rodino-Janeiro et al., 2018) is required before 

significant advances in knowledge gain on the topic are made. This is corroborated by 

probiotic-focused studies that have emphasized strain-specificity in bacterial function (Gharbi 

et al., 2019), let alone species specificity. Fourthly, the profile of a ‘normal’ or healthy 

microbiota is unknown. In our opinion, and those of several other authors, it is impossible to 

define a healthy microbiome due to the high degree of inter-individual variation (Costello et 

al., 2009, Dave et al., 2012), cultural habitual dietary habits and other population-specific 

factors. This adds to the complexity of selecting suitable controls for gut microbiome studies. 

Accordingly, extreme care to choose controls similar not only in age and gender, but also 

cultural background and nutritional habits, is vital to the reliability of any study (but may at the 

same time also limit its broader relevance). Lastly, efforts to standardize testing, with the 

introduction of the ‘dysbiosis index’ (Casen et al., 2015) has thus far been unsuccessful, since 

the predictive value of the index was reportedly low and non-specific (Enck and Mazurak, 

2018). Given the fact that compositional analysis does not seem to be sufficiently 

sophisticated yet to lead to therapeutic advancement in medicine, another option is to rather 

consider functional effects of the total microbiome secretome (i.e. the secretory products of all 

microbes present in the gut) on its host.  

 

Indeed, another grouping of researchers tends towards analysing functional dysbiosis, or the 

alterations of the microbial secretomes, in diseased states (Roager and Licht, 2018, De Preter 

and Verbeke, 2013, Yu et al., 2018, Yu et al., 2019, Zhu et al., 2019, Jeffery et al., 2020). This 

is achieved through mass spectrometry or nuclear magnetic resonance techniques, and 

allows researchers to associate the absence or presence of certain microbial-associated 

molecules to disease symptomology (Vernocchi et al., 2016), which may provide an avenue 

for discovery of disease-specific biomarkers or novel targets for therapeutic treatment 

(Andrews et al., 2020). Given the fact that at least some microbial secretory products are 

competitive survival tactics, the relative absence of a “competing species” may alter 

secretome content (and thus effect on host cells) significantly, but linearity of secretome 
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change to bacterial predominance cannot be assumed, lending further support for favouring 

analysis of functional dysbiosis.  

 

In the context of microbiome-associated functional effects, recent studies seem to highlight 

metabolites derived from microbial transformation of dietary components as having significant 

effects on several physiological processes (Zhang and Davies, 2016, Koh et al., 2016, Koppel 

et al., 2017, Rowland et al., 2018). One of the first studies to explore microbial metabolism in 

the IBS context reported that these patients had increased production of hydrogen gas (H2) 

(fasted breath test) (Kumar et al., 2010b). The authors suggest that the difference in H2 

production may be associated with small intestinal bacterial overgrowth (SIBO), since SIBO is 

common among IBS patients (Ghoshal et al., 2010) and is associated with higher levels of H2 

production in fasted states (Kerlin and Wong, 1988). Additionally, altered proportions of 

specific bacterial species, such as decreased Lactobacilli in IBS patients, may alter the 

amount/distribution of the by-products of microbial metabolism (H2). Indeed, Lactobacilli are 

less gas producing than some other bacteria, such as Clostridia and Enterobacteriaceae 

(Nobaek et al., 2000, O'Mahony et al., 2005). This is confirmed by another study in which 

colonization by Clostridium spp. was associated with excess gas production, abdominal 

discomfort and bloating among IBS patients (Salonen et al., 2010). As such, the relative 

dysbiosis of IBS patients may result in higher levels of excreted H2 as a functional 

consequence. Indeed, altered microbial fermentation of carbohydrates results in the excessive 

production of H2 and methane gases, the elimination of which is essential to maintain efficient 

fermentation in the gut.  

 

While H2 only represents a single by-product of microbial metabolism, these findings 

demonstrate the potential of microbial-derived metabolites to alter host functioning. The most 

obvious example of this lies in the relatively successful use of probiotics as a treatment option 

for individuals with IBS. Probiotics are “live strains of strictly selected microorganisms which, 

when administered in adequate amounts, confer a health benefit on the host” (Hill et al., 2014). 

Theoretically, probiotics, primarily those containing Lactobacillus and Bifidobacterium spp., 

should beneficially modulate the gut microbiota through production of antimicrobial proteins, 

which should reduce pathogenic bacteria and interfere with epithelial adhesion (Didari et al., 

2015, Ford et al., 2014, Mayer et al., 2014, Simren et al., 2013), among several other 

mechanisms of action (Distrutti et al., 2016). In a meta-analysis including 35 RCTs, probiotics 

were shown to have beneficial effects with regard to abdominal pain, bloating and flatulence 

scores in IBS patients (Ford et al., 2014). Additionally, authors described superiority of 

multispecies probiotics to single species probiotics but found no specific combination of 

multispecies probiotics predominant to another. As such, clarification with regards to which 
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combinations of species are effective in treating specific IBS subtypes, and optimum treatment 

dosages and durations are still required (Lee and Bak, 2011). Thus, not enough is known for 

compounding of probiotics into treatment formulations, or to accurately prescribe probiotic 

strategies. 

 

An integrated presentation of IBS-associated pathology is also presented visually in Figure 

2.1. Taken together, the female bias towards exacerbation of IBS symptomology is clear, as 

well as its prominent links to the actions of microbial-derived metabolites, or as we suggest, 

the trace aminergic system.We believe that trace amines (which are, at least in part, by-

products of microbial metabolism) may provide the molecular link to explain the association 

between gut microbiome dysbiosis, IBS, inflammation and central nervous system conditions 

such as depression and anxiety (both high incidence co-morbidities in IBS). 

 

 
Figure 2.1: A simplified visualisation of IBS-associated pathology. Abbreviations: GI; gastrointestinal, 
EC; enterochromaffin, 5-HT; serotonin, ENS; enteric nervous system 
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2.4 The trace aminergic system 

 

Trace amines (TA) are a class of biogenic amines produced endogenously in humans, but 

also present in bacterial secretomes and certain foods. Common TA include β-

phenylethylamine (PEA), tryptamine (TRP) and ρ-tyramine (TYR), which are derived from their 

respective amino acid precursors L-phenylalanine, L-tryptophan, and L-tyrosine. Synthesis of 

TA primarily occurs through the enzymatic action of aromatic L-amino acid decarboxylases 

(AADC) (Berry, 2004). While endogenous synthesis of TA is often reported to be neuronal, 

AADC are also present in non-neuronal tissues, including the epithelium of the GI tract 

(Lauweryns and Van Ranst, 1998, Vieira-Coelho and Soares-da-Silva, 1993). Additional 

sources of TA include those derived from food and microbes.  

 

Trace amine-associated receptor (TAAR) 1 is the most thoroughly studied of the receptors in 

humans and has both central (acts as a rheostat of dopaminergic, glutamatergic, and 

serotonergic neurotransmission) and peripheral (regulates nutrient-induced hormone 

secretion and immune responses) roles (Gainetdinov et al., 2018). In the next few sections, 

we review different aspects of the trace aminergic system, as they relate to IBS.  

 

2.4.1 TA “toxicity” risk 
Interestingly, foods containing high levels of TA, such as cheese, wine, sausages and other 

fermented foods - all commonly linked to exacerbated symptoms in IBS - are foodstuffs largely 

dependent on bacterial fermentation (Joosten and Northolt, 1989, Moracanin et al., 2015, 

Moses-Kolko, 2003). Lactic acid bacteria (LAB) are considered the primary biogenic amine 

producers in fermented foods. Indeed, various Lactobacillus spp. starter cultures have been 

studied with the aim of mitigating the potential health risks (headaches, heart palpitations, 

vomiting and diarrhoea) associated with excessive biogenic amines levels (Aymerich et al., 

2006). Interestingly, the authors of this study reported that TYR and PEA were produced by 

14.4% and 12.4% of LAB isolates (fermented sausages) respectively, all belonging to L. 

curvatus species. As such, the authors recommended that L. sakie be used as the 

predominant LAB in preparation of these sausages in the future. In fact, the inability of a strain 

to synthesize biogenic amines is included in the selective criterion for malolactic starter 

cultures (Torriani et al., 2010). It is, however, important to highlight that the biogenic amine 

producing ability is a strain-specific characteristic, as variability in aminobiogenetic potential 

between different strains belonging to the same species is evident (Barbieri et al., 2019). 

Regardless, the link between TA levels and fermentation is clear. Indeed, the expression 

(transcriptional induction) and/or activation (catalytic modulation) of LAB amino acid 
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decarboxylation systems is reportedly an adaptive response to energy depletion, and is 

considered a strategy that counteracts acid stress (Pessione, 2012), since decarboxylase 

activity can lead to membrane energization and increased environmental pH. Moreover, the 

strain dependent (rather than species specific) presence of decarboxylases genes involved in 

biogenic amine production eludes to horizontal gene transfer between strains as an adaptive 

mechanism of survival in specific environments (such as the GIT) (Coton and Coton, 2009, 

Lucas et al., 2005, Marcobal et al., 2006a). Therefore, these decarboxylation mechanisms 

represent an important ecological tool, which can confer a competitive advantage in acid or 

nutritional stress conditions (Romano et al., 2014, Pereira et al., 2009, Perez et al., 2015, 

Fernandez de Palencia et al., 2011). 

 

Of the potential health risks related to biogenic amines, the most severe symptoms are said 

to be caused by histamine and TYR (Barbieri et al., 2019). Interestingly, a study investigating 

the self-reported food intolerance of 197 IBS patients, reported that 84% of these individuals 

recounted symptoms related to at least one of the surveyed foodstuffs, of which, 58% 

experienced GI symptoms from foods rich in biogenic amines (wine, beer, salami and cheese) 

(Bohn et al., 2013). Additionally, histamine-containing food were also considered as causes 

of IBS-related symptoms. The resultant symptoms are reportedly induced via chemo-

stimulation of gut or immune cell receptors (Gibson et al., 2015). Of note, the authors also 

reported that females reported more food items causing symptoms than males (Bohn et al., 

2013), although no potential explanation was provided. This study, along with several others, 

emphasises the high perceived food intolerance among IBS patients (Dainese et al., 1999, 

Simren et al., 2001, Monsbakken et al., 2006). Histamine (a weak TAAR1 agonist) is directly 

involved in inflammation, while TYR intoxication facilitates the “cheese reaction”. This reaction, 

most commonly described in the context of cheese consumption, is the result of a food-drug 

interaction, where the food can be any TYR rich food and the drug usually a non-selective 

monoamine oxidase inhibitor (MAOI). Mechanistically, TYR increases sympathetic responses 

by indirectly acting as a sympathomimetic (displaces stored norepinephrine (NE)), thereby 

increasing the levels of circulating NE. The use of MAOI exacerbates this action by inhibiting 

the metabolism of both TYR and NE. As such, symptoms of the “cheese reaction” include 

dietary-induced migraine, nausea, vomiting, increased cardiac output, respiratory difficulties 

and elevated blood glucose levels (Marcobal et al., 2012). This has had important implications 

in patients using MAOI, in which not even low levels of biogenic amines can be metabolised 

effectively (Ruiz-Capillas, 2004). MOAI have been prescribed to patients with chronic anxiety 

to improve 5-HT signaling, and intriguingly, 54 to 94% of treatment-seeking IBS patients will 

have a co-morbid psychiatric disorder (Drossman et al., 2003, Roy-Byrne et al., 2008) of 

which, anxiety and depression are the most common. The resultant biogenic amine sensitivity 
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that these patients experienced led to the development of new generation MAOI, so-called 

reversible MAO-A inhibitors (McCabe-Sellers et al., 2006).  

 

As mentioned, histamine is indeed a weak TAAR1 agonist (Zucchi et al., 2006), and various 

reports suggest between 5 to >50 µM are required for the activation of TAAR1 (similar potency 

as TRP, NE and synephrine) (Borowsky et al., 2001, Wolinsky et al., 2007, Lindemann et al., 

2005). Even though patients with IBS have reportedly elevated levels of histamine in mucosal 

supernatants/biopsies, of up to 50 ng/mL*mg (Grabauskas et al., 2020, Buhner et al., 2009), 

it is unlikely that these endogenous levels result in TAAR1 activation. However, exogenous or 

dietary histamine consumption could contribute significantly to the levels of histamine in the 

gut, contributing to potentially detrimental effects – although most likely independent of TAAR1 

activation. For example, certain fish and varieties of cheeses contain up to 2000 mg/kg of 

histamine, and the ingestion of 75 mg of histamine is reported to cause symptoms of 

intoxication in healthy individuals (Wöhrl et al., 2004, Rauscher-Gabernig et al., 2009). A 

recent study by del Rio et al., (2017) also reported that co-treatment (on HT-29’s) with TYR 

and histamine was associated with stronger (or synergistic) cytotoxic effects in vitro than 

treatment with either TYR or histamine alone, an effect achieved in the absence of TAAR1. 

These results indicate that histamine increases the cytotoxicity of TYR at concentrations 

prevalent in some foods (levels generally considered safe for consumption) (Del Rio et al., 

2017).  

 

While the symptoms of the “cheese reaction” and histamine intoxication are not specific to 

IBS, other biogenic amines may similarly trigger IBS-specific symptoms by promoting visceral 

hypersensitivity via the action of bioactive mediators and/or luminal distention (Cuomo et al., 

2014, Balemans et al., 2017, Wouters et al., 2016). As such, other biogenic amines (PEA, 

putrescine, cadaverine, agmatine and spermidine) can also cause toxicity, but in cases where 

multiple biogenic amines are present, they are said to potentiate the effects of histamine and 

TYR by inhibiting their metabolizing enzymes (Pegg, 2013). Taken together, the toxicity of any 

biogenic amine will depend on the type of amine, the amount of amine, the individual host 

sensitivity or allergy, and the consumption of MOA inhibitory drugs (or ethanol), which inhibits 

or reduces the aminooxidase enzymatic systems responsible for the detoxification of 

exogenous amines (Sathyanarayana Rao and Yeragani, 2009).  

 

While these health risks are well-researched with regard to food safety and regulation (Ruiz-

Capillas and Herrero, 2019), it is concerning that many LAB are commonly used as probiotics. 

Indeed, another study has raised concern that some Lactobacillus rhamnosus strains often 

used in probiotics may produce biogenic amines (Lorencová et al., 2012). Moreover, not only 
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LAB predominant probiotics should be considered, but probiotics with Enterococcus, 

Streptococcus, and Lactococcus species may also potentially produce biogenic amines 

(Barbieri et al., 2019). In fact, decarboxylase activity is often expressed independently of cell 

viability, since these enzymes maintain activity after cell lysis, even in harsh environmental 

conditions (Gardini et al., 2012, La Gioia et al., 2011, Rossi et al., 2011, Moreno-Arribas and 

Lonvaud-Funel, 1999). As such, it may be premature to advocate probiotic treatment as a 

blanket supplementation strategy for therapeutic relief of IBS patients, and at least some 

individualisation is required to increase efficacy and mitigate risks of adverse outcomes. 

Beyond the importance of investigating the decarboxylation activity of probiotic or functional 

cultures before their use, in the context of gastrointestinal disease and symptomology, it may 

also be important to elucidate negative effects (if any), that chronic exposure to low levels of 

these biogenic amines could cause.  

 

2.4.2 Microbial-derived TA modulate host functioning 
It is proposed that through the production of bioactive metabolites, such as biogenic amines, 

the gut microbiota may increase an individual’s susceptibility to GI inflammation via 

modification of intestinal epithelial function and mucosal immune activity (Christian and Berry, 

2018, Wlodarska et al., 2015). For example, several intestinal microbes synthesize various 

amino acid decarboxylases, which means that they have the capability to sequester amino 

acids, convert them into TA, and thereby alter the distribution of metabolites, such as calcium, 

5-HT, trimethylamine N-oxide (TMAO) and immune cell mediators in the host, as part of the 

symbiotic relationship between the gut microbiome and host. However, changes in TA 

metabolism have already been correlated to both inflammation of the bowel (Wilson et al., 

2015) and decreased microbiome complexity (dysbiosis) (Santoru et al., 2017), which 

suggests that in pathological states, this altered TA metabolism may have functional 

consequences, that may manifest as or promote disease symptomology. Given the strong 

links of IBS with depression, and that microbial-derived biogenic amines are similar in 

structure to monoamine neurotransmitters, TA/TAAR1 should be considered as potential 

biomarkers and/or therapeutic targets. To motivate this point, this section will discuss (i) the 

significant presence of TA-producing microbes in the gut, (ii) the optimal conditions of a 

dysbiotic gut for the generation of microbial-derived TA and, finally (iii) an example of 

functional modulation by trimethylamine (TMA) and TMAO. 

 

Firstly, in intestinal metagenomes of healthy individuals, tryptophan decarboxylase homologs 

were found to be present in 9% to 17% of individuals, suggesting that microbe derived TRP 

may be more prevalent in the gut than previously thought (Williams et al., 2014). Indeed, the 

gut microbiome of IBS patients is often dominated by Firmicutes (Jeffery et al., 2012), the 

Stellenbosch University https://scholar.sun.ac.za



 33 

phylum from which the majority of the tryptophan decarboxylases derive. In fact, the gut 

microbiota features a myriad of metabolizing enzymes, such as various decarboxylases, 

dehalogenases, and amine oxidases, which may facilitate the formation of other TAs 

(octopamine and synephrine), as well as functionally active TA-metabolites. While no studies 

have investigated the percentage of TA producing bacteria in IBS populations compared to 

healthy individuals, these results suggest that the TA-production capacity of the gut 

microbiome is significant and has been largely overlooked or underestimated.  

 

Secondly, according to two independent in vitro studies on known microbial producers of TA 

(Lactobacillus brevis CECT 4669, Enterococcus faecium BIFI-58 and E. faecium EF37), 

various physiochemical factors influence microbial synthesis of TA (Gardini et al., 2001, 

Marcobal et al., 2006b). These factors include incubation temperature and time, environmental 

pH, pyridoxal-5-phosphate supplementation, sodium chloride concentration and most 

importantly, amino acid substrate availability, most of which are optimal within the human GIT. 

Of note, some of these factors may be altered in pathological states, towards promoting 

microbial TA production. For example, luminal pH is reportedly altered in individuals with 

dysbiosis, and this may contribute to mucosal inflammation and enterocyte dysfunction 

(Blachier et al., 2017). With regard to IBS, Ringel-Kulka et al., (2015) reported that colonic 

intraluminal pH levels were significantly lower in IBS patients (all disease subtypes) when 

compared to controls. Similar findings have also been reported in patients with IBD (Nugent 

et al., 2001), with one study reporting low colonic luminal pH values (pH 5.3 patients vs pH 

6.8 controls), which were associated with active disease states (Sasaki et al., 1997). 

Interestingly, a pH range of 4 to 5.5 is reported to increase amino acid decarboxylase activities 

and thus enhance TA production (Gardini et al., 2001, Marcobal et al., 2006b). This microbial 

response is a well-documented adaption to pH/acid stress (as already briefly discussed in 

section 3.1), and suggests that more efficient TA production may occur in individuals with 

dysbiosis. 

 

Finally, TMA is a selective agonist of TAAR5 (Liberles and Buck, 2006, Wallrabenstein et al., 

2013, Zhang et al., 2013), and there is no known mammalian pathway for its synthesis. As 

such, the production of TMA seems to be exclusive to the metabolism of choline, betaine, and 

carnitine by microbes (Craciun and Balskus, 2012, Kalnins et al., 2015, Zhu et al., 2014), with 

the administration of antibiotics to mice, reducing the levels of urinary TMA (Yap et al., 2008, 

Frohlich et al., 2016). Interestingly, raised levels of TMA have been reported to result from 

dysbiosis at various mucosal sites, such as intestines, in both mice and human models 

(Fennema et al., 2016, Zhang and Davies, 2016). While increased levels of TMAO are 

generally associated with extra-intestinal diseases (CVD), TMAO may cause intestinal 
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inflammation and oxidative stress (Chan et al., 2019). Considering that TAAR5 expression 

has been reported for several leukocyte populations (Babusyte et al., 2013), particularly B 

lymphocytes, it is clear that increased levels of either TMA or TMAO could be involved in 

initiating or perpetuating intestinal inflammation, as is common in IBS. Moreover, altered levels 

of TMA/TMAO can reportedly alter the growth and secretion of metabolites of several intestinal 

bacteria (Hoyles et al., 2018). As such, TMA/TMAO not only affects host functioning, but can 

alter the luminal environment too, perpetuating dysbiosis.  

 

2.4.3 Mechanism of action of TA in the gut 
Perhaps due to a relative lack of cross-disciplinary communication in this context, despite the 

knowledge of their existence, or perhaps as a result of the bias in favour of compositional, 

rather than functional assessment of the gut microbiome, data on the specific actions of TA in 

the human gut are still relatively limited. However, some insights into the function of TA in the 

context of IBS may be derived by considering their extra-intestinal effects.  

 

2.4.3.1 Direct cellular effects of TA  
Direct cytotoxic effects of PEA, TRP and TYR on MonoMac-6 and HEK293 cell lines was 

investigated (MTT assay) (Luqman et al., 2018). Data showed that 62.5 µg/mL of each TA 

independently reduced MonoMac-6 viability by 20%, and 125 µg/mL of TRP reduced 

MonoMac-6 viability by 80%. While the HEK293 cells were more resistant to the cytotoxic 

effects of the TA, 500 µg/mL of TRP also reduced viability by more than 80%. From this study, 

the most cytotoxic TA seems to be TRP, while TYR had the least cytotoxic effects. However, 

the lack of an in vivo context limits the interpretations which can be made by these data. 

Moreover, the lack of reported absolute concentrations of endogenous TAs in the gut/intestinal 

mucosa of humans questions the physiological relevance of these findings. To “bridge” this 

gap in literature, we propose the consideration of, firstly, the contribution of exogenous TA 

consumption (in food) to levels in the gut. For example, it has been previously reported that 

dietary concentrations of PEA and TYR indeed stimulate the gut, altering intestinal blood flow 

in an ex vivo model (Broadley et al., 2009). Secondly, we considered that the contribution of 

TAs derived from major TA-producing microbes in vitro, suggests that the TA range selected 

for the generation of the WST-1 data is feasible. For example, Staphylococcus 

pseudintermedius ED99 cultured in media containing 2 mg/mL of L-tryptophan, L-

phenylalanine and L-tyrosine produces 231 ± 10 µg/mL TRP, 557 ± 8 µg/mL of PEA and 360 

± 9 µg/mL TYR in vitro (Luqman et al., 2018). These data suggest that in the gut, in the 

presence of potentially numerous TA-producing microbes, significant concentrations of TAs 

may be present. Thus, while the endogenous levels of TAs are not known, the exogenous 
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(and potentially endogenous) contribution may be significant enough to warrant physiological 

relevance. 

 
Moreover, the presence or production of TA is reported to enhance the ability of 

Staphylococcus and Enterococcus spp. to adhere to intestinal epithelium, promoting 

consequential internalization and enterocyte cytokine secretion (Fernandez de Palencia et al., 

2011, Luqman et al., 2018), potentiating colonization as a potential adaptive advantage for 

these species. Indeed, TA bound to the α2-adrenergic receptor induced cytoskeletal 

reorganisation, which facilitated host cell colonization to boost adherence of both TA-

producing and non-TA-producing bacteria (Luqman et al., 2018). Interestingly, the addition of 

10mM tyrosine (which resulted in formation of ± 140nmol TYR) significantly improved bacterial 

adherence to colon epithelium by 3-fold, while direct supplementation with 140µM of TYR did 

not affect adherence (Fernandez de Palencia et al., 2011). The authors speculated that the 

activation of the TYR biosynthetic pathway, rather than the production of TYR, could be 

involved in the enhancement of microbial adhesion. Nevertheless, this data illustrates the 

complex mechanisms at play to facilitate TA effects. Taken together, these results suggest 

that dose specificity is an important consideration. What is not known, is the range in which 

microbes potentially benefit from TA (producing or produced), while conferring host 

cytotoxicity, and what implications this could have for IBS. 

 
In terms of enteroendocrine function, PEA was reported to stimulate gastrin secretion from 

stomach G cells in a rat model (Dial et al., 1991) – which in the IBS context is linked to 

ulceration and dyspepsia (El-Salhy et al., 2014). This again points to a direct detrimental effect 

of TA in the IBS context. 

 

With regard to colonic ion secretion, TRP in particular was reported to promote colonic ion 

secretion (Williams et al., 2014), however the nature of this ion secretion and potential 

preference to a specific ion(s) were not reported and thus, require further investigation before 

interpretation of the significance of this finding is possible. Nevertheless, this data potentially 

suggests that TRP-mediated signalling might affect GI transit. Furthermore, from the known 

effects already outlined for E2, we can postulate that in general E2 and TAs, such as TRP, 

have opposing effects on colonic ion secretion and GI motility. This could explain an 

exacerbation of symptomology during menses, when ion secretion and thus GI motility shifts 

from one side of the spectrum to the other in female patients, an effect that would be 

heightened in the presence of a high TA (or at least TRP) load. The potential of manipulating 

TRP levels to achieve optimal GI transit in IBS, warrants TA profiling in IBS. 
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2.4.3.2 Modulation of oxidative stress and inflammation 
Intracellular accumulation of Ca2+ is commonly associated with oxidative stress, damage, and 

inflammation in various chronic conditions. Of relevance in this context, binding of TA to 

human TAAR1 results in the influx of Ca2+ as a result of activated TAAR1 coupling to Gas and 

Gq proteins (Navarro et al., 2006). Upon stimulation of these G-proteins, intracellular 

messengers such as cAMP and IP3 accumulate and activate downstream proteins such as 

PKB and PKC, which mobilize intracellular Ca2+ stores, as well as promote extracellular Ca2+ 

influx (Borowsky et al., 2001, Bunzow et al., 2001, Lindemann et al., 2005, Bradaia et al., 

2009). Excessive Ca2+ influx may lead to endoplasmic reticulum stress and mitochondrial 

dysfunction, rendering a cell with an unfavourable redox profile, and thus several regulatory 

mechanisms intricately control intracellular Ca2+ levels. However, in overabundance of TA, 

regulatory mechanisms may be overwhelmed. In line with this, histamine – a known mediator 

of inflammation and known to be increased in IBS – has also been reported to increase the 

intracellular Ca2+ response in an EC cell line (P-STS) (Pfanzagl et al., 2019). Apart from the 

resultant direct oxidative stress, histamine and TA may also exacerbate aberrant 5-HT 

signalling linked to IBS symptomology (altered GI motility, visceral hypersensitivity, and 

immune activation). Interestingly, TA may also indirectly cause increased susceptibility to 

oxidative stress through their modulation of serotonin, as 5-HT2A receptor activity was found 

to increase intracellular calcium via the mitogen-activated protein kinase pathway (Watts, 

1998). This may cause an intracellular Ca2+ burden within the surrounding intestinal tissue, 

resulting in symptoms such as abdominal pain. As such, it may be important to consider 

targeting TA availability or modulation of TAAR1 expression in an effort to curb Ca2+-

associated visceral hypersensitivity in IBS patients with severe abdominal pain.  

 

Another common trace amine, 3-iodothyronamine (T1AM), may also contribute to changes in 

Ca2+ homeostasis and alter the pro- and antioxidant balance in the intestine and surrounding 

tissue by interacting with various receptors (such as α2-adrenergic receptor) (Zucchi et al., 

2014, Hoefig et al., 2016). For example, T1AM reportedly increased the amount of hydrogen 

peroxide released by rat liver mitochondria (Venditti et al., 2011). Interestingly, Chiellini et al., 

(2012) reported that exogenous T1AM (and its metabolites) primarily undergo biliary and 

urinary excretion, and subsequent reports have suggested the presence of significant 

endogenous levels of T1AM in stomach and intestine, at least in mice (Hoefig et al., 2015, 

Chiellini et al., 2012), suggesting that the pro-oxidative effects of T1AM may not be limited to 

the liver. While the precise biosynthesis of T1AM in humans remains to be confirmed, Hoefig 

et al., (2015) has demonstrated that the intestine expresses the enzymatic machinery 

(intestinal deiodinases and ornithine decarboxylase) required for T1AM biosynthesis from 

thyroxine, while other authors highlight the potential of the gut microbiota to generate T1AM 
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(Saba et al., 2010, Glossmann and Lutz, 2017). In terms of relevance to IBS, interactions of 

T1AM with histaminergic circuitries has been proposed (Zucchi et al., 2014), warranting 

investigation in the context of both inflammation and oxidative stress related symptomology. 

 

In terms of inflammation a relatively recent metabolomics study indicated elevated faecal PEA 

levels in patients with Crohn disease (Jacobs et al., 2016), suggesting a pro-inflammatory 

effect for trace aminergic signalling. Similarly, abundance of Faecalibacterium prausnitzii - a 

species that has a reported role in mitigating inflammation in the colon (Miquel et al., 2015, 

Lopez-Siles et al., 2017) - also correlated inversely with PEA levels in IBD patients (Santoru 

et al., 2017). Since significant consumption of phenylalanine is associated with growth of F. 

prausnitzii (Heinken et al., 2014), its absence in dysbiotic conditions may increase the 

availability of phenylalanine to TA-producing microbes, resulting in elevated PEA levels. This 

potential mechanism should be evaluated more comprehensively in IBS-specific models. 

 

Furthermore, PEA and TYR are chemotactic for polymorphonuclear (PMN) cells (Babusyte et 

al., 2013), major role players in inflammation and in particular, secondary damage to host 

tissue during inflammation. Considering that low levels of TA are normally present in the GIT 

– the interface between mucosal immunity and microbes – it is possible that in dysbiosis, the 

ensuing immune activation and altered microbial behaviour may promote or exacerbate 

intestinal inflammation. Within the context of IBS, and specifically female predominance, it is 

necessary for future experiments to elucidate the contribution of TA to chronic intestinal 

inflammation, and whether or not female reproductive hormones affect this in any way. 

 

2.4.4 The role of TAARs 
Most TAAR-related research to date was performed in microbiology contexts. Although some 

neurophysiology investigations have reported on TAAR, this niche is largely unexplored. 

Generally, the available literature seem to suggest that TA and TAAR are not exclusively 

“paired”, with TA able to act as ligand for several other receptors. Furthermore, TAARs – in 

particular TAAR1 – seems to be a dose-dependent factor in TA-associated effects, as its 

presence have been linked to opposite effects than described for TA. 

 

For example, in contrast to the over secretion of gastrin linked to TA, TAAR1 activation by a 

selective small molecule agonist was associated with elevated plasma levels of peptide 

tyrosine tyrosine (PYY) and glucagon-like peptide-1 (GLP-1) (Raab et al., 2016), which may 

be protective, as decreased levels of secreted PYY and GLP-1 from L-cells are implicated in 

IBS pathogenesis and symptomology (El-Salhy et al., 2020, O'Malley, 2019). Similarly, in 

terms of modulation of leukocyte responses specifically, TAAR1 is differentially expressed in 
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several leukocyte populations, such as PMN, B and T lymphocytes, monocytes, and natural 

killer cells (Babusyte et al., 2013, Nelson et al., 2007, Sriram et al., 2016, D'Andrea et al., 

2003), thus TAAR1 activation may regulate leukocyte differentiation and activation. Indeed, 

expression of both TAAR1 mRNA and protein components are upregulated in primary human 

lymphocytes after activation with PMA and PHA (Wasik et al., 2012, Nelson et al., 2007). 

However, one would expect in the context of IBS, that chronic (rather than acute) activation 

may downregulate TAAR expression overtime. As such, the importance of conducting in/ex 

vivo testing should be emphasized, and certainly warrants future investigations. Furthermore, 

T helper lymphocyte differentiation toward Th2 phenotype may be regulated by the activation 

of leukocyte TAAR1 and TAAR2 (Babusyte et al., 2013). However, in the same study, TAAR1 

and TAAR2 activation were also reported to mediate IL-4 secretion from T lymphocytes and 

immunoglobulin E (IgE) secretion from B lymphocytes (Babusyte et al., 2013). Of relevance 

to the allergy-like symptoms prevalent in IBS, both IL-4 and IgE mediate allergic inflammatory 

responses (Tan et al., 1992, Paul and Zhu, 2010), inducing mast cells to release histamine 

upon IgE binding, and are implicated as central role players in IBS (Barbara et al., 2006, Lee 

and Lee, 2016). This seemingly dichotomous role for TAAR in the activation of immune cells 

remain to be further elucidated. 

 

In terms of its effect on serotonergic signalling, highest predominance of TAAR1 is described 

in neuronal aminergic pathways (Berry, 2016, Revel et al., 2011). Of specific relevance, in a 

rodent knockout model, the absence of TAAR1 was associated with increased aminergic 

(dopaminergic and serotonergic) signalling (Pei et al., 2016), again suggesting a dampening 

effect for TAAR1. In terms of applicability to this review, IBS-associated 5-HT dysregulation – 

which is implicated in altered GI motility (Lundgren, 1998, Turvill et al., 2000) and visceral 

hypersensitivity (Mayer, 2011) – is already therapeutically targeted by 5-HT3R antagonists 

(Gershon and Tack, 2007, Mawe et al., 2006). Assuming that a higher TA load results in 

reduced TAAR1 expression (specifically in EC cells) in chronic conditions, a more accurately 

targeted approach might include modulation of trace aminergic signalling, thereby eliminating 

the cause of 5-HT dysregulation. 

 

It is important to note, however, that TAAR signalling is additionally complicated by three 

factors. Firstly, genetic variations in the form of TAAR polymorphisms, as well as their clinical 

relevance, cannot be excluded (Christian and Berry, 2018), since function-altering 

polymorphisms of TAAR1 (Shi et al., 2016) and TAAR2 (Bly, 2005) have already been 

reported. Secondly, TAAR expression is often recorded in acute, in vitro models. According to 

basic ligand/receptor relations, receptor expression is generally downregulated when ligands 

are overexpressed chronically, however, this notion is complicated by the very location and 
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nature of TAARs. It is generally accepted that TAAR1 is primarily located intracellularly (Pei 

et al., 2016). How this unique behaviour translates to altered receptor expression is still 

unknown. Lastly, TAAR reportedly undergoes heterodimerization, which may result in biased 

signalling outputs (Berry et al., 2017). Indeed, it has been reported that this heterodimerization 

modulates the signalling capacities of GPCRs, thereby altering their sensitivity for ligands 

(Rutigliano et al., 2017, Dinter et al., 2015). Putative candidates include adrenergic, 

serotoninergic, dopaminergic and glutaminergic receptors, and as such, signal modulation by 

receptor pairs is largely underestimated, especially considering the vast expression of GPCRs 

in any one cell (Regard et al., 2008). Interestingly, GPCR distribution and expression is 

dependent on several factors, including gender and disease condition {Afzal, 2020 

#190;Bychkov, 2011 #188;Leysen, 2021 #187;Miller, 2017 #189}. To add to the complexity, 

intermediate receptor pairings have also been suggested (Smith and Milligan, 2010), further 

complicating pharmacological and drug discovery studies. As such, Berry et al., (2016) 

suggested targeting GPCR dimers, which should mitigate undesired side effects and increase 

ligand selectivity. 

 

These data suggest that TAAR1 may have a modulatory (down-regulatory) role in trace 

aminergic signalling, but that this effect may be dependent on nature of receptors with which 

heterodimers are formed upon ligand binding. Given the clear role for TA in IBS aetiology and 

symptomology, elucidation of the potential of TAAR as therapeutic target is high priority. 

 

The importance of the trace aminergic system as a multipronged role player, which effects 

many sites, is visually represented in Figure 2.2. This includes a summary of the known 

functions of TA in the GIT, and the plausible links to IBS symptomology.  
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Figure 2.2: Altered trace aminergic homeostasis as a potential aetiological factor in IBS pathogenesis. 
The predominant risk factor promoting altered trace aminergic signalling in the gastrointestinal tract is 
functional microbial dysbiosis, which varies trace amine load. The altered signalling is gender 
dependent, and results in functional consequences, which manifest as clinical IBS symptoms. 
Abbreviations: TA; trace amine, TAAR; trace amine associated receptor, IgE; immunoglobulin E, IL-4; 
interleukin-4, GLP-1; glucagon-like peptide-1, PYY; peptide tyrosine tyrosine, HPA; hypothalamic 
pituitary axis, 5-HT; serotonin; ENS; enteric nervous system, GI; gastrointestinal; PMN; 
polymorphonuclear cells. 

 

2.4.5 Is trace aminergic signalling gender dependent? 
Turning attention back now to the female predominance in IBS, it is important to consider 

whether trace aminergic signalling also shows gender-dependence, as this may impact on not 

only drug discovery, but also patient management. Indeed, with the emergence of the concept 

“microgenderome”, researchers have shown that the microbiome is both shaped by 

reproductive hormones and that the microbes in turn are able to regulate levels of these 

hormones (Flak et al., 2013). An example of this is prevalent when one considers the more 

specific “estrobolome” (Kwa et al., 2016, Plottel and Blaser, 2011), which collectively 

encompasses intestinal microbes (or rather their gene repertoire) capable of producing 
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estrogen metabolizing enzymes (such as β-glucuronidase). In healthy individuals the actions 

of the estrobolome increases intestinal reabsorption of estrogens, while in dysbiotic conditions 

this is reduced (Baker et al., 2017). Similarly, the microgenderome can also modulate 5-HT 

signaling (as discussed earlier) and interestingly again do so via estrogens. As such, the effect 

that altered trace aminergic signalling could have on 5-HT release and action, could be 

predetermined by lifelong exposure to and priming by E2. 

 

Furthermore, TAAR signalling is differentially activated by distinct TA profiles in different 

genders. Indeed, in a study by Liberles and Buck, (2006) murine TAAR5 was reported to 

respond strongly to extremely diluted urine from male mice, but not female mice or 

prepubescent males. Notably, three ligands identified for murine TAARs (mTAARs) are natural 

components of mouse urine: PEA, isoamylamine and TMA, which act as ligands for mTAAR4, 

mTAAR3 and mTAAR5 respectively, of which isoamylamine and TMA are enriched in male 

vs female mouse urine (Gavaghan McKee et al., 2006, Nishimura et al., 1989). Furthermore, 

isoamylamine in male urine is reported to act as a pheromone, fast-tracking the onset of 

puberty in female mice (Nishimura et al., 1989). Thus, by utilizing mTAAR5, mice could 

theoretically determine the gender and sexual status of other mice, which suggest that at least 

some mTAARs detect social cues (Halpern, 2003, Novotny, 2003) that may stimulate certain 

behaviours or physiological responses. While this study has not been replicated in humans, 

we are of the opinion that altered trace aminergic signalling (as reported in modern chronic 

diseases) may be the result of altered gender dynamics. In modern society, with the rise of 

female emancipation and modern hygiene practices, both females and males may have 

inadvertently altered their ‘social cues’. This of course remains to be confirmed, as this may 

have far-reaching implications for disease preventative strategies in IBS-high risk populations. 

Nevertheless, the little available data suggest that amount and distribution of at least some 

TA within a host are gender (or even sexual status) specific, which may have implications for 

diseases in which onset parallels the onset of puberty, such as IBS. 

 

Another link between gender and altered TA homeostasis is chronic psychological stress. 

According to several studies, elevated PEA levels in urine correlated with increased stress 

and stress response, in both humans and rodents (Paulos and Tessel, 1982, Snoody et al., 

1985, Grimsby et al., 1997, Dlugos et al., 2012). Typically, it was thought that women are more 

vulnerable to life stress (Seeman, 1997, Young and Korszun, 2010), and are more prone to 

depression, anxiety and somatization than men (Altemus, 2006, Blanchard et al., 2001, 

Corney and Stanton, 1990). Women also seem to present with exaggerated IBS symptoms 

when stressed (Heitkemper and Jarrett, 1992). In addition, gender-related differences in the 

prevalence of depression becomes apparent after menarche and continued until peri-
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menopause (Halbreich and Kahn, 2001), which parallels IBS symptom peak onset. These 

studies, along with several more recent studies, report evidence for sexual dimorphism in 

stress response in the context of IBS (Videlock et al., 2016, Kennedy et al., 2014b, Kano et 

al., 2017). However, the link between chronic stress and increased urinary PEA levels is less 

clear, although limited research to date does again point to an estrogen link in this context. 

Interestingly, in a study investigating the relationship of urinary PEA levels and personality 

traits (MMPI) in healthy individuals, reported that males had lower PEA levels (Moises et al., 

1985), a finding that had previously also been reported (Philips, 1987). Although concrete 

mechanisms and IBS specific data is lacking, current data supports an interpretation in favour 

of a gender dependence in trace aminergic signalling. As such, fluctuations of especially 

female reproductive hormones may alter trace aminergic signalling. Given the comprehensive 

body of literature that already exist on female reproductive hormone replacement therapy, it 

may be possible to expand on the manipulation of hormone levels for therapeutic effect in IBS. 

This option warrants further research in this context. 

 

2.5 Where to from here? 

 

From the literature reviewed here, both female reproductive hormones (especially E2) and TA 

potentially modulate EC cell functioning. While no studies have directly explored the role of an 

altered trace aminergic system in patients with IBS, it is alluded to. The fact that TAARs are 

present in almost all leukocyte populations, and the supply of significant amounts of their 

ligands (TA) originate from food and gut microbiota, suggests that the trace aminergic system 

is conveniently positioned at the interface of diet/nutrition, gut microbiome, and mucosal 

immunity, all of which are implicated as aetiological factors in IBS pathogenesis. In terms of 

proposed mechanisms, dyshomeostasis of the trace aminergic system may result in altered 

colonic ion secretion, hyperreactivity of the immune system and fluctuations of 5-HT levels 

causing aberrant 5-HT signalling. While disruption of trace aminergic homeostasis may occur 

due to TAAR polymorphisms or increased TA supply due to changes in diet, functional 

microbial dysbiosis seems to be the predominant risk factor. Aberrant trace aminergic 

functioning can result in altered leukocyte differentiation, activation, and chemotaxis, all while 

microbes more efficiently adhere to and infiltrate intestinal epithelium. The ensuing pro-

inflammatory state of the gut could manifest in the symptomology clinically prevalent in IBS. 

As such, we suggest that microbial-derived TA (and the functional consequences perpetuated 

by the trace aminergic system) should be considered aetiological factors in the pathogenesis 

of IBS. Furthermore, since an altered trace aminergic system results in fluctuations of 

intestinal 5-HT, which is already targeted for modulation by current medications for IBS, then 
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it is feasible to suggest that TAARs be considered targets for future therapeutic action, with 

the specific focus of reducing oxidative stress and inflammation. 

 

2.6 Conclusions 

 

In conclusion, the microgenderome concept may explain, at least in part, the gender bias 

observed in many chronic inflammatory conditions. The notion of host-intrinsic factors, which 

are reinforced and manipulated by commensal bacteria, could underpin the relationship 

between an altered trace aminergic homeostasis and female predominance in IBS. In order 

to elucidate the nature of relationship between the trace aminergic system and reproductive 

hormones, specifically E2, and their influence on IBS, areas of overlap, such as modulation of 

serotonin and ion secretion and susceptibility to oxidative stress and inflammation requires 

further investigation.  
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2.7 Hypothesis statement 
 

Given the female predominance of IBS, and that the trace aminergic system links several IBS 

risk factors (sex, diet, inflammation etc.), I firstly hypothesise that E2 may alter the functional 

capacity of (commensal and probiotic) gut microbes, in the context of TA secretion. Secondly, 

I hypothesise that there is an E2-associated interaction that determines whether increased 

abundance of TA will result in a negative outcome or not, in the context of intestinal 

inflammation. Thirdly, given the very low endogenous levels of TAs, I further hypothesize that 

TA metabolites may have a significant effect on TA risk profile. 
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Chapter 3 
 

Alterations to microbial secretomes by estrogen may contribute to 
sex bias in irritable bowel syndrome 
 

This chapter has been published in the Journal of Inflammopharmacology (Impact Factor: 

5.093). 
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https://doi.org/10.1007/s10787-021-00906-8  

 

3.1 Abstract 

 

Introduction:  
Irritable bowel syndrome (IBS) is a female predominant functional gastrointestinal disorder, 

underpinned by microbial dysbiosis and microinflammation. We suggest that changes in trace 

amine (TA) load and metabolism may link together diet, inflammation and sex in this context.  

Methods:  
The effect of E2 treatment on microbial growth and TA generation was assessed using liquid 

chromatography and tandem mass spectrometry methodology. To investigate the effects of 

TAs on the gut, WST-1, prostaglandin E2 and tight junction protein dynamics were 

investigated in TA treated (HT-29) colon epithelial monolayer cultures.  

Results:  
Differential E2-dependent alterations of the TA production capabilities of microbes were 

observed. Significantly, E2 treatment resulted in a 50% increase in tryptamine secretion from 

a probiotic microbe (p<0.0001). Moreover, in vitro experiments indicated that TA treatment 

exerted type-specific effects in the gut, e.g. reducing mitochondrial functionality, even at low 

doses of tryptamine (p<0.0001) and r-tyramine (p<0.001). Additionally, prostaglandin E2 

levels were significantly increased following r-tyramine and agmatine treatment (p<0.05). In 

terms of functionality, all investigated TAs resulted in occludin redistribution and loss of zona 

occludens-1 and occludin co-localization.  

Conclusion:  
Increases in the gastrointestinal TA load may contribute to a relatively pro-inflammatory 

outcome in the intestine, along with tight junction protein disruption. Additionally, fluctuating 

levels of endogenous E2 may modulate microbially-derived TA levels, potentially explaining 

exaggerated gastrointestinal symptomology in females during low E2 phases. Thus, current 

data warrants subsequent investigations in appropriate in vivo models to fully elucidate the 

role of the trace aminergic system in the sex bias observed in IBS. 
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3.2 Introduction 

 

The use of clinical symptoms to diagnose functional gastrointestinal disorders (FGIDs) - due 

to the lack of sensitive or specific biomarkers - is limiting advancement in terms of drug 

discovery for treatment of affected individuals. Irritable bowel syndrome (IBS) is the most 

common FGID and is prevalent in more than 10% of the global population (Endo et al., 2015). 

Furthermore, according to epidemiological studies, and of particular interest to this study, IBS 

has consistently shown female predominance (Mulak et al., 2014, Canavan et al., 2014a, 

Chatila et al., 2017, Wilkins et al., 2012). Indeed, IBS symptom onset often coincides with 

gonadal maturation (Heitkemper and Jarrett, 2008), implicating female hormone levels as 

aetiological confounder, despite the fact that the relative contribution of menstrual cycle to 

IBS-like gastrointestinal symptomology remains unclear. Notably, some researchers suggest 

that there exists an estrogen-dependent maladaptive intestinal epithelial response to 

environmental factors (Alonso et al., 2008, Alonso et al., 2012), suggesting that female 

susceptibility to IBS may involve an estrogen driven maladaptation of the gut barrier to 

stressors, rather than phase-dependent changes. 

 

In terms of pathophysiology, it remains ambiguous which factors trigger or augment IBS in 

different individuals (Chong et al., 2019). However, recent evidence highlights the influence of 

biological sex, diet and food intolerance, gastrointestinal infections, relative gut dysbiosis, low-

grade mucosal inflammation and innate immune system dysfunction, as well as psychosocial 

factors, on IBS onset and progression (Chong et al., 2019, Gu et al., 2019, Lazaridis and 

Germanidis, 2018). Notably, psychosocial stress is the most generally recognized risk factor 

for both development and relapse of IBS (Vannucchi and Evangelista, 2018), suggesting a 

significant departure from normalcy in the gut-brain axis in these patients (Kennedy et al., 

2014a). When these factors act in tandem with genetic (Ek et al., 2015, D'Amato, 2013) and/or 

epigenetic (Mahurkar et al., 2016) predisposition, they may promote gut-related alterations 

such as the increased intestinal permeability reported in IBS populations (Piche et al., 2009, 

Zhou et al., 2009, Lee et al., 2013, Mujagic et al., 2014, Hanning et al., 2021), which – even 

when not clinically evident – potentiates activation of systemic and neural immune and 

endocrine responses. The abnormal intestinal and microbial secretory and sensorimotor 

outputs that ensue - gastrointestinal dysmotility and visceral hypersensitivity - are associated 

with IBS symptom duration and severity (Enck et al., 2016, Ford et al., 2017, Ohman and 

Simren, 2010). 

 

Importantly, although chronic immune activation and innate immune system dysfunction is 

implicated in IBS pathogenesis (Lazaridis and Germanidis, 2018),  IBS is generally regarded 

Stellenbosch University https://scholar.sun.ac.za



 47 

a non-inflammatory syndrome. The persistent micro-inflammation of IBS is therefore largely 

overlooked in treatment strategies. While it would be optimistic to implicate inflammation as a 

central aetiological factor in a syndrome with the complexity of IBS, unresolved inflammation 

– even at low level – will certainly impact negatively on therapeutic outcome. The importance 

of considering the micro-inflammation in IBS (and especially in females), is underlined by the 

fact that sex-differences in inflammation – specifically that in chronic inflammatory conditions 

prognosis is often worse in females, is in line with the female predominance in IBS – cannot 

be fully attributed to hormonal differences between sexes (Casimir et al., 2018). Furthermore, 

psychosocial stress is associated with a pro-inflammatory phenotype – here again a significant 

female predominance exists (Altemus et al., 2014). In this context, we have suggested that 

the trace aminergic system may link together diet, inflammation, and sex, and could potentially 

be exploited as a therapeutic target (Pretorius and Smith, 2020). Indeed, significant sex 

differences have been reported for trace amine (TA) levels (Liberles and Buck, 2006) and high 

levels of TAs have been measured in specific foods and bacterial secretomes, including those 

of probiotic nature (Barbieri et al., 2019, Lorencová et al., 2012, Moracanin et al., 2015, Ruiz-

Capillas and Herrero, 2019).  

 

As ligands, TAs are present at their highest concentrations at the interface between mucosal 

immunity and microbes. In addition, trace amine-associated receptors are also conveniently 

situated along the gastrointestinal tract (Gwilt et al., 2020) and are also expressed by most 

leukocytes (Babusyte et al., 2013). In the IBS context specifically, foods with high trace amine 

context (e.g., fermented foods) are associated with symptom flare-up. For example, a study 

by Bohn et al., (2013) investigating the self-reported food intolerance of 197 IBS patients, 

reported that 84% of these individuals’ recounted symptoms related to at least one of the 

surveyed foodstuffs, of which, 58% experienced GI symptoms from foods rich in biogenic 

amines (wine, beer, salami and cheese). Of note, the authors also reported that females 

reported more food items causing symptoms than males (Bohn et al., 2013). Moreover, other 

biogenic amines may similarly trigger IBS-specific symptoms by promoting visceral 

hypersensitivity via the action of bioactive mediators and/or luminal distention (Cuomo et al., 

2014).Furthermore, probiotics – which are commonly prescribed for the management of IBS 

– secrete trace amines, which may explain at least in part, its effect on gut health (Barbieri et 

al., 2019, Lorencová et al., 2012). Taken together, these studies support our theory that 

altered TA metabolism may have functional consequences, that may promote disease 

symptomology. It is therefore feasible that the trace aminergic system may be an additional 

level of control/maladaptation in IBS that has been largely overlooked until now. 
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However, the mechanism of actions of TAs in the gut are relatively under-researched. 

According to several in vitro studies, TAs reportedly (i) stimulate bacterial adherence to gut 

epithelial cells, promoting consequential internalization and enterocyte cytokine secretion 

(Fernandez et al., 2007, Luqman et al., 2018), (ii) promote colonic ion secretion (Williams et 

al., 2014), thereby altering gastrointestinal motility, (iii) promote serotonin secretion and 

signalling (Roshchina, 2010, Yano et al., 2015), the perturbations of which are already 

implicated in the pathophysiology of IBS (Gershon, 2013), and finally (iv) are chemotactic for 

polymorphonuclear cells (Babusyte et al., 2013), which are major role players in inflammation 

and in particular, secondary damage to host tissue during inflammation. Taken together, 

despite the knowledge of their existence, data on the specific actions of TA in the human gut 

– and the potential role of estrogen - are still relatively limited. Therefore, this study aimed to 

elucidate the effects of 17b-estradiol (E2) on the TA production of several commensal and 

probiotic microbes, as well as to investigate the effects of TA load, and combined TA and E2 

treatment on the inflammatory and functional profile of the gut, in the context of IBS and its 

female predominance, in order to define and/or refine potential therapeutic targets.  

 

3.3 Methods and materials  

 

3.3.1 Microbial culture  

3.3.1.1 Maintenance 
Bacterial cultures were grown in 51 g/L De Man, Rogosa and Sharpe (MRS) broth (Sigma-

Aldrich, 69966) with 0.1% Tween 80 at 37°C, while yeast stocks were grown in 50 g/L yeast 

extract peptone dextrose (YPD) broth (Sigma-Aldrich, Y1375) at 30°C. Frozen bacterial and 

yeast inoculates were made up to a final concentration of 40% glycerol in broth and stored at 

- 80°C. Additionally, amplification and subsequent sequencing of bacterial 16S rDNA and 

yeast ITS regions were performed prior to experimentation, to confirm identity (refer to 

supplementary material). 

 

3.3.1.2 Microbial secretome trace amine content  
To assess the potential of (clinically established) probiotic bacteria Lactobacillus plantarum 

423, Enterococcus mundtii ST4SA and Saccharomyces boulardii 17, as well as commensal 

bacteria L. reuteri, and L. rhamnosus, to generate and secrete selected Tas, β-

phenylethylamine (PEA), tryptamine (TRP), ρ-tyramine (TYR) and agmatine (AGM), a protocol 

adapted from Luqman et al., (2018) was used. Briefly, 10 mL inoculates of all microbes were 

cultured under conventional conditions for 24 hrs. Thereafter, each culture was pelleted, 

washed twice in 1x PBS (pH 7.2), and resuspended in 1 mL of minimal media solution (0.2 M 
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TRIS HCl, 10% m/v glucose and 1 mg/mL of L-phenylalanine (Sigma, P17008), L-tryptophan 

(Sigma, T0254), L-tyrosine (Sigma, T3754), and L-arginine (Sigma, A5131)) at pH 7.5. 

Additionally, microbes were also treated with low (0.1 nM) and high (1 nM) concentrations of 

E2 (Sigma, E2758). The densely resuspended cultures were incubated at 37°C for another 24 

hours, before the supernatants were collected and stored in aliquots for mass spectrometry 

(MS) analysis.  

 

Sample preparation and extraction: To quantify the levels of TAs in the bacterial and yeast 

conditioned supernatants, a novel liquid chromatography (LC)-MS method, adapted from 

D’Andrea et al., (2019), was developed. A solid phase extraction (SPE) protocol utilizing 

Supelclean™ LC-WCX SPE Tubes with 100 mg bed wt. and 1 mL volume (Supelco, 505595) 

to extract the TAs from microbial conditioned media was optimized to improve eluent purity, 

analyte sensitivity and maximally reduce the lower limits of quantification. Briefly, WCX SPE 

cartridges were conditioned with 1 mL absolute methanol (MeOH), followed by equilibration 

with 1 mL 50 mM ammonium acetate pH 5.5. The samples, quality controls, blanks and 

calibrators were buffered (1:1) with 50 mM ammonium acetate containing a final concentration 

of 100 ng/mL of internal standard (IS), phenethylamine-d4 (Toronto Research Chemicals, 

P321336). Following equilibration, 1 mL of buffered sample was loaded into a cartridge. 

Cartridges were then washed twice with 500 µL 25% MeOH in H2O before eluting with 1 mL 

acetonitrile containing 5% formic acid (FA). The eluent was evaporated to dryness under 

vacuum utilising a Genevac miVac Duo Sample Concentrator at 40°C (-OH function). Samples 

were reconstituted in 500 µL H2O with 0.1% FA, and 2 µL was injected for LC-MS/MS analysis. 

 

LC-MS/MS: The method was developed on the SHIMADZU 8040 LC-MS system. Mobile 

phase (MP) A was H2O with 0.1% FA and MP B was 100% MeOH with 0.1% FA. The 

samples/controls/blanks/calibrators were injected onto an Agilent Poroshell 120 EC-C18 

column (2.7µm, 4.6 x 100 mm) at a flow rate of 0.4 mL/min. A gradient elution method was 

used, starting with 40% B for 30 seconds, increasing %B to 60% to 4 min and holding it at 

60% B until 4.5 min, after which the %B was reduced to 40% by 5 min and 40% B held up to 

5.5 minutes. The total run time was 5.5 min. For the detection of AGM, 5 mM ammonium 

formate was added to each MP, and the flow rate was reduced to 0.35 mL/min. Additionally, 

the run time was extended to 7 min and the elution gradient was again used, starting with 10% 

B for 30 seconds, then increasing B to 95% by 4 min and holding it at 95% until 5 min, before 

reducing B to 10% by 6 min and holding it at 10% up to 7 min. The acquisition was set in 

positive electrospray ionisation mode with multiple reaction monitoring (MRM) with 

electrospray ionization using Argon as the collision-induced dissociation gas, at conditions 
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presented in Table 3.1. Instrument control, acquisition and the analysis of data was provided 

by LabSolutions Version 5.97 software (Shimadzu Corporation). For TA quantification, 

calibration curves were established with commercially available TAs (Toronto Research 

Chemicals, P321335, T894600 & T898500; Sigma, A7127). Integrated data was exported to 

Microsoft Excel for further analysis. 

 

Table 3.1: Multiple reaction monitoring conditions for LC-MS/MS. 
 

Analyte Elution time 
(min) 

Precursor ion 
(m/z) 

Product ions 
(m/z) 

Collision energy 

PEA 4,280 
122,1000 
[M + H]+ 

105,0500 (Q) 
77,0000 
51,0000 

14 
29 
44 

TRP 4,511 
161,1078 
[M + H]+ 

144,1000 (Q) 
117,0500 
115,000 

13 
27 
35 

TYR 3,154 
138,1000 
[M + H]+ 

121,0500 (Q) 
77,000 
91,000 

21 
28 
15 

AGM 4,234 
130,9500 
[M + H]+ 

72,0500 (Q) 
59,9500 
113,9000 

15 
14 
17 

PEA-d4 
(IS) 4,281 

126,2000 
[M + H]+ 

109,0500 (Q) 
79,1000 
51,9000 

15 
28 
46 

 

Abbreviations: IS: internal standard, Q: quantifier ion. 

 

3.3.2 Human colon epithelium cell culture  

3.3.2.1 Trace amine exposure 
Colon adenocarcinoma (HT-29) cells, kindly donated by Dr Tanya Davis, were cultured in 5 

mM D-galactose supplemented glucose free RMPI (Gibco, 11879020) culture medium to 

facilitate differentiation. The culture media was additionally supplemented with 10% heat 

inactivated, gamma irradiated fetal bovine serum (FBS) (Biowest, S181Y-500) and 1% 

PenStrep. Cells were sub-cultured with 1x trypsin and maintained in a humidified incubator at 

5% CO2 at 37°C. When not actively cultured, the cells were cryopreserved in culture media 

containing 10% DMSO at 2x106 cells/mL. All experiments were performed between passage 

10 to 14. All experiments were done in triplicate and repeated at least three times. 

For TA exposure, 4x104 cells/well were seeded in a 96-well microtiter plate in 5 mM D-

galactose supplemented glucose free RMPI (Gibco, 11879020) and were incubated at 37°C 

in 5% CO2. The cells were treated with various concentrations of PEA, TRP, TYR and AGM, 

in the presence or absence of 0.1 nM E2 (total reaction volume of 100 µL per well) for 24 hrs. 

At the end of the incubation period, mitochondrial reductive capacities were assessed as 

indirect indicator of TA cytotoxicity. Briefly, 5 µL of WST-1 reagent (Abcam, ab155902) was 
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added to each well. After an additional 90 min incubation (37°C in 5% CO2), the absorbance 

of each well was determined at 450 nm, using a plate reader (BIO-TEK, EL800). Data were 

collected utilizing the KC Junior Software before exporting to Microsoft Excel for further 

analysis.  

 
In addition, culture supernatant prostaglandin E2 (PGE2) concentrations were assayed using 

a commercially available enzyme-linked immunosorbent assay (ELISA) kit (E-EL-0034, 

Elabscience), following the manufacturer’s guidelines.  

 

3.3.2.2 Tight junction protein immunofluorescent staining  
To assess the effects of TA treatment on tight junction protein (TJP) integrity, Zona occludens-

1 (ZO-1), a cytoskeletal linker protein, and occludin, an integral membrane protein, were 

fluorescently stained in treated HT-29 cell monolayers. Briefly, HT-29 cells were seeded at 

1.5x105 cells/well (24-well plate) onto sterilized 12 mm round glass coverslips, which were 

previously coated with ECL cell attachment matrix (Merck, 08-110). After 9 days of culturing, 

with media changes every second day, the cell monolayers were treated with PEA, TRP, TYR 

and AGM or media vehicle (for control) in the presence or absence of 0.1 nM E2 for 24 hours. 

Thereafter, the cell monolayers were washed once with PBS before being fixed (ice cold 4% 

PFA and 50% MeOH solution) for 15 min at - 20°C. The cell monolayer was washed again, 

once with PBS and then once with S-PBS (0.1% saponin in PBS) prior to blocking (20% FBS 

and 5% donkey serum in S-PBS) for 1 hr at room temperature. Overnight primary antibody 

incubations at 4°C followed, utilising the primary antibodies: 1:250 mouse anti-ZO-1 

(Invitrogen, 33-9100) and 1:250 rabbit anti-occludin (Novus Biologicals, NBP1-87402) in 

blocking buffer. Next, the cell monolayers were washed 3x with S-PBS, prior to incubation with 

secondary antibodies: 1:250 Alexa Fluor 488 donkey anti-mouse (Invitrogen, A-21202) and 

Alexa Fluor 594 donkey anti-rabbit (Invitrogen, A-21207) in blocking buffer for 1 hr at room 

temperature. Finally, the cell monolayers were incubated with Hoechst (ThermoFisher 

Scientific, 33342) for 20 min before undergoing 4x washes with PBS. The glass coverslips 

were then mounted onto microscope slides with Dako Fluorescent Mounting media (S3023). 

Fluorescently stained cell monolayers were imaged with a Carl Zeiss Confocal LSM 780 Elyra 

PS1 using the 60x oil-immersion objective. Respective Z-stack (10 slices) images were 

captured, and maximum intensity projections were analysed for co-localisation of ZO-1 and 

occludin utilizing Zeiss ZEN imaging software.  
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3.3.3 Statistical analyses 
Statistical analyses of all data were completed by utilizing GraphPad Prism Version 9.1.2 

(www.graphpad.com, San Diego, CA). TA quantification and WST-1 results are represented 

as mean ± standard deviation (SD), while PGE2 and TJP status results are represented as 

mean ± standard error of mean (SEM). Statistical analyses included: (i) One-way ANOVA with 

Bonferroni post-hoc test for TA quantification data, (ii) 2-way ANOVA with Bonferroni post-hoc 

test for WST-1 data, and (iii) 2-way ANOVA’s with Šídák's multiple comparisons tests for 

PGE2 and TJP data. A p-value of < 0.05 was considered statistically significant.  

 

3.4 Results 

 

3.4.1 E2 alters the TA production capabilities of microbes without acutely effecting their 
growth 
With the exception of L. plantarum, which exhibited no E2-dependent changes in TA 

production capability (Fig. 3.1. A), all probiotic organisms assessed showed significant, yet 

differential responses to E2 treatment. For example, E2-exposures were associated with a 

dose-dependent increase in PEA, TRP and TYR production by E. mundtii (Fig. 3.1. B), while 

the effects of high doses of E2 on S. boulardii resulted in the drastic decrease in PEA and 

TYR levels (Fig. 3.1. C). Notably, E. mundtii was the only microbe that produced quantifiable 

amounts of TRP, and interestingly, a single high dose of E2 treatment significantly increased 

this concentration compared to both control conditions (p<0.0001, 50% increase), and a single 

low dose of E2 treatment (p<0.001, 37% increase). Similar trends were observed for the 

production of PEA (p<0.01) and TYR (p<0.01) too (Fig. 3.1. B). Moreover, from the results 

depicted in Figure 3.1. C, a single high dose of E2 treatment significantly reduced the 

concentration of PEA produced by S. boulardii (p<0.05, 91% decrease). Of particular interest 

is the differential response of S. boulardii to low vs high E2 in terms of TYR production 

capabilities. In this case, a single low dose of E2 treatment increased the amount of TYR 

produced (p<0.001, 69% increase compared to no treatment), while a single high dose of E2 

treatment nearly abolished production completely (p<0.001, 71% decrease compared to no 

treatment).  

 

Moving on to commensal microbes, the production of PEA by L. reuteri did not seem to be 

altered by E2 treatment, but an effect of E2 was observed for L. rhamnosus, with a tendency 

for high dose E2 treatment to increase PEA production (p=0.056) when compared to no E2 

treatment (Fig. 3.1. E). In terms of TYR production, statistically significant differences were 

apparent for L. reuteri – high dose E2 treatment reduced TYR levels when compared to no 
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(p<0.01, 30% decrease) and low-E2 (p<0.01) groups (Fig. 3.1. D) – and for L. rhamnosus – 

high dose E2 treatment reduced the amount of TYR produced (p<0.01, 6% decrease) 

compared to no E2 treatment (Fig. 3.1. E). Notably, no statistically significant E2-dependent 

alterations in AGM production capabilities were reported for any assessed organism. Of 

importance, previous growth curve experiments confirmed that microbial growth, measured 

by optical density, were not significantly altered by hormone treatment (refer to supplementary 

material), eliminating the contribution of hormone-dependent growth changes as a 

confounding variable in TA production.  

 

 

 

Figure 3.1: The effect of low (0.1 nM) and high (1 nM) concentrations of 17b-estradiol (E2) on (A) 
Lactobacillus plantarum, (B) Enterococcus mundtii, (C) Saccharomyces boulardii, (D) L. reuteri, and 
(E) L. rhamnosus to generate and secrete β-phenylethylamine (PEA), tryptamine (TRP), ρ-tyramine 
(TYR) and agmatine (AGM). The data is represented as the mean concentration of quantified trace 

amine (as a percentage of the 0 nM E2 group) ± SD. Statistical analysis: One-way ANOVA with 

Bonferroni post-hoc tests; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001, y = main ANOVA 

effect. 

 

3.4.2 Cytotoxic effects of TAs on HT-29 cells are differentially buffered by E2 
The WST-1 results showing the effect of a range of TA doses on the percentage of 

metabolically active HT-29 cells in the presence of low (0.1 nM) E2 are presented in Figure 

3.2. Cell viabilities, as an indirect outcome of metabolic activity, were reduced significantly by 

all TAs at higher concentrations (AGM<PEA<TYR<TRP, under control conditions), indicated 

by statistically significant main ANOVA effects for TA dose. Specifically, the onset of significant 

loss of metabolically active cells under control conditions were recorded at doses ³ 200 µg/mL 

PEA and AGM (p<0.001 & p<0.01 respectively), 25 µg/mL TYR (p<0.01) and 18.75 µg/mL 

TRP (p<0.05). With the addition of E2 treatment, the onset of significant loss of metabolically 
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active cells were recorded at doses ³ 800 µg/mL AGM and TYR (p<0.001 & p<0.0001 

respectively), 200 µg/mL PEA (p<0.0001) and 50 µg/mL TRP (p<0.001). With reference to 

Figure 3.2. A, the onset of significant HT-29s cytotoxicity at a dose of 200 µg/mL PEA were 

not altered by E2 treatment. Nevertheless, compared to control conditions, E2-exposed cells 

had significantly reduced viable cells at this concentration (p<0.05, 10% less). In contrast, low 

doses of E2 treatment delayed the onset of significant cytotoxicity as a result of TRP treatment, 

from 25 to 50 µg/mL. Indeed, in Figure 3.2. B, the ability of E2 to buffer against TRP-induced 

cytotoxicity were evident at 25 µg/mL (p<0.001), 50 µg/mL (p<0.01), and 100 µg/mL 

(p<0.0001) doses. Similarly, with regards to the effects of TYR, the administration of E2 

delayed the onset of significant cytotoxicity drastically, from 25 µg/mL under control conditions, 

to 800 µg/mL in the presence of E2. These effects can be observed in Figure 3.2. C, where 

E2 treatment significantly increased the number of viable cells following 100 µg/mL (p<0.05, 

12% increase), 200 µg/mL (p<0.0001, 18% increase) and 800 µg/mL (p<0.01, 14% increase) 

TYR treatment. And finally, in terms of AGM, although no significant differences between 

control and E2 groups were observed (Fig. 3.2. D), the onset of AGM-induced cytotoxicity was 

delayed in HT-29 cells in the presence of E2, from 200 µg/mL to 800 µg/mL. 

 

 
 

Figure 3.2: WST-1 results showing the effect of varying concentrations of trace amines (A) β-
phenylethylamine (PEA), (B) tryptamine (TRP), (C) ρ-tyramine (TYR), and (D) agmatine (AGM) on the 

percentage of metabolically active HT-29 cells in the absence or presence of low (0.1 nM) levels of 17b-

estradiol (E2). The data is represented as mean % of control ± SD. Statistical analysis: 2-way ANOVA 

with Bonferroni post-hoc tests; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001, y = main ANOVA 

effect for TA dose.  
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Additionally, low- and high-TA doses were inferred from these results and used for subsequent 

experimentation. Importantly, low doses were defined by a non-significant change (less than 

10%) to cellular viability, while high doses were defined by a dose that resulted in the 

significant loss of metabolically active cells, with a loss of between 10 to 20% of viable cells. 

Notably, given the pronounced sensitivity of HT-29s to TRP-mediated cytotoxicity, the high-

TRP dose employed (18.75 µg/mL) was reasonably lower than the high doses for PEA, TYR, 

and AGM (200 µg/mL). 

 

3.4.3 TA-induced changes to the inflammatory profile of HT-29 cells are differentially 
altered by E2 
In Figure 3.3 the effects of 24-hour exposure of low and high doses of TAs on secreted PGE2 

levels are reported. Interestingly, the results of PEA, TRP and TYR seem to follow the same 

dose-dependent trajectory (inverted U) – although the effects of TYR are more pronounced in 

this regard. Indeed, low doses of PEA (p<0.05) resulted in a significant decrease in PGE2 

levels compared to control (Fig. 3.3. A), and while the effects of low dose TRP and TYR are 

not significant, treatment similarly resulted in a 13 pg/mL (37% reduction) and 10 pg/mL (30% 

reduction) decrease in PGE2 levels (Fig 3.3. B & C), respectively. At higher doses, recovery 

to baseline levels following PEA and TRP treatments were apparent, while high dose TYR 

treatment resulted in a significant increase in PGE2 levels compared to baseline (p<0.05). In 

terms of AGM, treatment with this TA resulted in a dose-dependent increase in PGE2 levels, 

with 200 ug/mL AGM increasing PGE2 secretions by 26 pg/mL (p<0.05, 74% increase, Fig. 

3.3. D). 

 

 

 

Figure 3.3: Effect of low (0.1 nM) levels of 17b-estradiol (E2) treatment on the concentration of 
Prostaglandin E2 (PGE2) secreted by HT-29 cells following selected TA-exposure: (A) β-

phenylethylamine (PEA), (B) tryptamine (TRP), (C) ρ-tyramine (TYR), and (D) agmatine (AGM). The 

data is represented as mean ± SEM. Statistical analysis: 2-way ANOVA with Šídák's multiple 
comparisons; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. Asterisk’s (*) represent TA dose 
effect under the same E2 condition, while hashtags (#) represent effect of E2.  
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In terms of the effect of E2 in this context, importantly, baseline levels of PGE2 were not 

significantly altered by E2. However, differential E2-dependent changes were again observed 

for all TAs. In this regard, E2 treatment promoted PGE2 secretion from cells treated with 12.5. 

ug/mL PEA (p<0.0001) and 18.75 ug/mL TRP (p<0.001) when compared to control conditions. 

In contrast, the additions of E2 were associated with reduced PGE2 secretion from cells 

treated with 200 ug/mL TYR (p<0.01) and both low and high doses of AGM (p<0.01 for both).  

 

3.4.4 TA-induced changes to the functional profile of HT-29 cells are not altered by E2, 
despite baseline differences 
In terms of effects of TA-exposure on TJPs, representative fluorescent images (Fig. 3.4. A) 

visually demonstrate occludin redistribution in response to TA treatment. Indeed, visual 

comparison of control and TA-treated micrographs clearly represent the irregular distribution 

of occludin from membrane-located junction sites to intracellular localizations. AGM treatment, 

specifically at higher doses, resulted in the loss of monolayer integrity altogether. With regard 

to ZO-1, representative micrographs visually demonstrate ZO-1 signal intensity reduction 

following TA-exposure (Fig. 3.4. B). Lastly, in Figure 3.4. C, the effects of TA treatment on the 

colocalization between occludin and ZO-1 are displayed. These representative micrographs 

visually demonstrate that low dose TA treatment results in a decrease in the colocalization 

signal intensity along the cell periphery, compared to control conditions. In addition, at high 

TA doses, observable loss of cellular structure and morphology are associated with an 

increase in the intracellular localization of colocalized signal, as well as clumping of 

colocalized ZO-1 and occludin.  
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Figure 3.4: Representative fluorescent images showing the effects of TA treatment on (A) total occludin 
status (red signal) (B) total ZO-1 status (green signal), and (C) colocalization between ZO-1 and 
occludin (white signal) in HT-29 cell monolayers. Control represents a media and vehicle only treated 
HT-29 cell monolayer. Blue staining = Hoechst. All fluorescent images are maximum intensity 

projections of acquired z-stacks, imaged using the 60x oil immersion objective. Scale bar = 25 µm. 

 

Furthermore, in terms of the quantitative effect of TA exposure on TJPs, results depicting the 

relative area (%) of stained HT-29 cell monolayers for uncolocalised occludin and ZO-1 are 

reported here (Fig. 3.5.). The assessment of these parameters, as opposed to changes in total 

levels (data in supplementary material), facilitated the evaluation of changes in the cellular 

distribution of these proteins in response to TA treatment. Seeing that many TJPs have dual 

roles dependent on cellular localization, our assessment is more informative of the functional 

consequences associated with dysregulated localization. Regarding occludin status, two 

distinctive responses were observed. The first groups together the effects of PEA and TRP, 
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that similarly exhibited a dose-dependent tendency to increase ‘uncolocalised’ (i.e. not in 

association with ZO-1) occludin signal (Fig. 3.5. A & B). Indeed, high doses of PEA and TRP 

significantly increased the percentage of ‘uncolocalised’ occludin compared to control (p<0.01 

& p<0.001 respectively) and low dose conditions (p<0.01 & p<0.05 respectively). The second 

groups together the effects of TYR and AGM, which both significantly increased the 

percentage of ‘uncolocalised’ occludin signal at low doses (p<0.05 & p<0.01 respectively) but 

seemed to return towards basal levels at higher doses (Fig. 3.5. C & D). In terms of an E2 

effect, in the absence of TA treatment, E2 treatment resulted in a significant increase in the 

percentage of ‘uncolocalised’ occludin. Despite these baseline differences, no significant or 

E2-dependent changes were observed in response to PEA, TYR or AGM treatment, and only 

at high concentrations of TRP (Fig. 3.5. B), were there a significant difference between control 

and E2 groups, with the E2 group showing significantly reduced ‘uncolocalised’ occludin signal 

(p<0.001).  

 

In Figure 3.5. (E to G) the effects of TA treatment on ZO-1 status are displayed. Again, two 

distinctive responses with identical TA groupings were observed. Firstly, low doses of both 

PEA and TRP treatment resulted in a significant decrease in ‘uncolocalised’ ZO-1 signal 

compared to control (p<0.01 & p<0.001 respectively). Interestingly, at high doses, there are a 

partial recovery in these levels (Fig. 3.5. E & F). Secondly, although no statistical significances 

were recorded, TYR and AGM exposures seem to tend towards a dose-dependent decreased 

in the percentage of ‘uncolocalised’ ZO-1 (Fig. 3.5. C & D). Moreover, with regard to the effect 

of E2, in the absence of TA treatment, E2 treatment resulted in a significant decrease in the 

percentage of ‘uncolocalised’ ZO-1. Similar to the effects on occludin status, in spite of these 

baseline differences, no significant changes between control and E2 groups were reported for 

either PEA, TYR or AGM treatment, and only at high concentrations of TRP, were a significant 

decrease in the percentage of ‘uncolocalised’ ZO-1 signal as a result of E2 treatment (p<0.01). 
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Figure 3.5: Effect of low (0.1 nM) levels of 17b-estradiol (E2) treatment on the percentage of relative 

area of the imaged HT-29 cell monolayer that stained positive for tight junction proteins following 
selected TA-exposure: (C&G) β-phenylethylamine (PEA), (D&H) tryptamine (TRP), (E&J) ρ-tyramine 
(TYR), and (F&I) agmatine (AGM). (C to F) Effect on occludin, but not ZO-1 positive signal – indicated 
by quadrant 1 in (A), demarcated by the white box. (G to I) Effect on ZO-1, but not occludin positive 
signal – indicated by quadrant 2 in (B) ), demarcated by the white box. (A&B) Representative scatter 

plot generated by colocalization analyses. The data is represented as mean ± SEM. Statistical analysis: 

2-way ANOVA’s with Šídák's multiple comparisons tests: * = p<0.05, ** = p<0.01, *** = p<0.001, **** = 
p<0.0001. Asterisk’s (*) represent TA dose effect under the same E2 condition, while hashtags (#) 
represent effect of E2. 
 

3.5 Discussion 

 

Current data contributes several novel findings which contribute to elucidation of factors which 

underpin female predominance in IBS. Firstly, while it is well known that estrogens are 

implicated in host-microbial communication (Baker et al., 2017, Ervin et al., 2019), current 

literature does not conclusively expound on the effect of reproductive hormones on gut 

microbes in healthy or dysbiotic states (Thackray, 2019), nor has this relationship been 

investigated in probiotic microbes often used to manage IBS. In terms of direct effects, current 

data illustrates that the growth of several microbes, including the probiotic varieties L. 

plantarum, E. mundtii and S. boulardii – commonly prescribed to IBS patients (Horvath et al., 

2011, Kim et al., 2005, McFarland, 2010) – and commensal varieties L. reuteri and L. 

rhamnosus, was not altered significantly by varying concentrations of E2. This lack of direct 

dependency of microbial growth curves on E2 in monoculture however should not be 

interpreted as an unaffected compositional microbiome. Rather, it is necessary to also 

consider potential E2-dependent functional changes – i.e. differences in secretome profile – 
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in order to elucidate potential competition between gut microbes which indeed may influence 

microbiome composition.  

 

In terms of interpretation of E2-associated changes in the secretome, the unaltered growth 

curves do confirm that changes in microbial growth rate was not a confounding variable in in 

vitro experiments presented here. Turning attention to the analysis of microbial secretome in 

the current study, the specific focus was on potential differences in TA profile content, as an 

indicator of functional dysbiosis. E2-dependent alterations in microbial TA production was 

indeed a novel illustration, in line with our theory of TA involvement in the female bias seen in 

IBS (Pretorius and Smith, 2020). The nature of these responses to E2 were clearly different 

between the various microbes assessed – and even between probiotic varieties. Furthermore, 

within the same organism, high vs low doses of E2 could have opposite effects on TA 

production. Together, this data highlights that the mechanisms by which E2 affects TA 

production is indeed complex; clearly more comprehensive investigation is required to fully 

elucidate role players and mechanisms involved. In the context of female bias of IBS, and 

considering reproductively mature, pre-menopausal women undergo cyclic hormonal 

fluctuations and gonadal maturation which often coincides with IBS symptom onset 

(Heitkemper, 2008), current data suggest that different microbes may potentially secrete 

different levels of microbial-derived metabolites (such as TAs), depending on the host phase 

of menstrual cycle. Interestingly, from the probiotic strains assessed, L. plantarum was the 

only assessed microbe to show no E2-dependent changes in TA production capability in vitro, 

and while it is premature to suggest that this strain may therefore represent a sex-neutral 

probiotic option, these findings warrant investigation into sex specific – or even menstrual 

phase specific – probiotic options based on secretomes alterations in response to hormone 

levels. Additionally, the dependence of probiotic secretome profile - and per extension their 

exerted effect on their host – on host hormonal status, may explain some reports on 

inefficiency of probiotics to ‘treat’ IBS (Lee and Bak, 2011). Current data highlights the need 

for more comprehensive investigation into the effects of probiotics to adequately inform on 

optimal consumer profiles, as well as efficacy and safety of specific probiotics in specific 

disease contexts. A limitation of the current study – which was aimed at elucidating specific 

responses of individual microbes to estrogen – is that the interplay of different microbes in 

combination could not be evaluated. The current study should thus be followed up with a more 

complex study design which can also account for microbial interaction.  

 
In addition, as estradiol may also condition gut epithelial tissue itself, we transitioned into an 

in vitro colon cell model in order to investigate the physiological implications of varying TA 

levels, in the context of estradiol. Using a TA concentration range in line with the levels of TAs 
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produced by microbes in vitro (Luqman et al., 2018), as well as TA concentrations in or 

transiting through the human gut (Pugin et al., 2017), we illustrated that TA treatments in the 

µg/mL range are a significant stressor – of which TRP seem most cytotoxic – that disrupts 

mitochondrial functioning and results in the loss of metabolically active cells. In addition, we 

report varying degrees of E2-dependent buffering of these cytotoxic effects for some, but not 

all TAs, which suggests that, at least for females, the effects of fluctuating E2 levels may alter 

the response of the gut barrier to stressors. This is also in line with anecdotal evidence of 

exaggerated IBS symptomology during menses, when E2 levels are at their lowest (Bharadwaj 

et al., 2015a, Heitkemper et al., 2003, Jane et al., 2011). Although speculation at this point, 

since HT-29 cells do express both ERβ and GPER (GPR30) (Arai et al., 2000, Bustos et al., 

2017, Campbell-Thompson et al., 2001, Chatzinikolaou et al., 2007, Gilad et al., 2005, Gilligan 

et al., 2017, Looijer-van Langen et al., 2011), this may suggest that trace amines may exert 

their undesired effect via binding to the estrogen receptor (ER) and that high enough levels of 

estrogen may competitively bind ER to inhibit/limit the effect of TA load. Receptor binding 

studies may shed more light on this potential mechanism. Furthermore, the lack of an in vivo 

context to more accurately simulate this complex interplay between various role players, limits 

the interpretations which can be made from these data and as such, warrants more robust 

investigations. 

 

Nevertheless, the demonstrated effects of TA load on the inflammatory and tight junction 

protein profile of HT-29 cells provide insight into their possible mechanisms of actions in the 

gut and specifically in the context of IBS. In this context, low doses of PEA, TRP and TYR 

(although not significant for the latter) resulted in a decrease in PGE2 levels when compared 

to baseline, while high doses of TYR in particular, resulted in a significant increase in PGE2 

levels, suggestive of a relatively more pro-inflammatory outcome at high TA load. A potential 

mechanism of action linking TA to PG production, involves the enzymatic decomposition of 

TA via monoamine oxidase (MAO) (Bortolato et al., 2008, Lindemann and Hoener, 2005), 

which results in the formation of hydrogen peroxide as a by-product. The subsequent increase 

in hydrogen peroxide stimulates endoperoxide synthesis, essentially increasing 

cyclooxygenase (COX) activity and PG synthesis downstream (Seregi and Hertting, 1984). As 

such, future experimentation investigating PG synthesis in response to TA-exposure, should 

also assess MAO activity/levels. Moreover, AGM treatment resulted in a PGE2 profile different 

from those of PEA, TYR and TRP, namely a dose-dependent increase in PGE2 levels, 

suggesting that a different mechanism of action may exist for this TA. We suggest that the 

effects of AGM may result from its direct actions within HT-29 cells, as opposed to metabolites 

generated via degradation. Indeed, Mayeur et al., (2005) reported that AGM accumulates 

rapidly in HT-29 cells, due to the presence of agmatine-specific transporters in this cell line. 
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Additionally, AGM catabolism via agmatinase was negligible (only 2% of accumulated AGM 

was catabolized) in these cells (Mayeur et al., 2005). Interestingly, AGM reportedly modulates 

nitric oxide (NO) synthesis, with differential inhibition and activation of NO synthase isoforms 

reported in literature (Demady et al., 2001, Gadkari et al., 2013). Although speculative, it is 

plausible that an increase in AGM accumulation could have increased NO synthesis in our 

study. It is well known that a resultant increase in NO activates COX enzymes to produce 

increased amounts of PGs (Salvemini et al., 2013), potentially explaining the dose-dependent 

increase in PGE2 following AGM treatment. This differential and potentially more direct 

effect/action of AGM is not surprising, seeing that PEA, TYR and TRP are all primary amines, 

while AGM is a tertiary amine. Nevertheless, most of AGM’s functions are tissue and 

concentration specific and require more thorough investigations in the gut.  

 

In terms of TJP, defects of the intestinal epithelial barrier – with associated TJP alterations – 

are observed in a significant proportion of patients with IBS (Piche, 2014). This increased 

intestinal permeability reportedly promotes and perpetuates low grade inflammation, 

contributing to IBS symptomology, specifically abdominal pain (Piche, 2014). Data presented 

here, illustrates TAs to alter TJP status in vitro to varying degrees, with AGM-exposure being 

the most detrimental to monolayer integrity. Indeed, excessive AGM intake has recently been 

cautioned for its potentially detrimental effects on intestinal integrity (Oliphant and Allen-

Vercoe, 2019). This effect may be attributed to AGMs ability to reduce the synthesis and 

promote the degradation of other polyamines (Mayeur et al., 2005). Normally, polyamines 

improve the integrity of gastrointestinal epithelium by increasing TJP expression (Guo et al., 

2005), promoting intestinal restitution and increasing mucus secretion (Rao et al., 2012). 

Therefore, AGM-mediated degradation of polyamines could have significant undesired effects 

on barrier integrity. Indeed, in terms of occludin, two distinctly different responses to TA-

exposure were observed. While PEA and TRP similarly displayed a dose-dependent tendency 

to increase ‘uncolocalised’ occludin protein expression, both TYR and AGM significantly 

increased the percentage of ‘uncolocalised’ occludin expression only at low doses, an effect 

that was blunted at higher doses. Moreover, representative fluorescent images demonstrated 

occludin redistribution in response to TA treatment. Interestingly, occludin redistribution 

stimulates caspase-3 transcription and thus apoptosis (Kuo et al., 2019). This mechanism of 

action correlates with the results from the PEA and TRP responses to the corresponding WST-

1 data, i.e. a dose-dependent increase in redistributed occludin should promote cell death. 

However, this effect of occludin was not evident after TYR or AGM treatment. A potential 

explanation for this inconsistency can be inferred from the PGE2 results. To reiterate, at both 

high doses of TYR and AGM, PGE2 levels were increased significantly. According to literature, 

an inflammatory stimulus inhibits an apoptotic stimulus by promoting occludin degradation 
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(Kuo et al., 2019), which may account for the lack of upregulated expression of ‘uncolocalised’ 

occluding in response to TYR and AGM. Furthermore, the decrease in ‘uncolocalised’ 

occluding expression at high doses of both TYR and AGM could be as a result of cell death 

and corresponding occludin loss at this stage.  

 

Moreover, in terms of the combined TA and E2 results, significant findings suggest that when 

E2 is combined with TRP specifically, a decrease in ‘uncololocalised’ occludin expression 

ensues, which is opposite to the independent effects of both TRP and E2. Keeping in mind 

that in the absence of E2, increased occludin expression was correlated to significant loss of 

metabolically active cells, this “downregulation” (that occurs only in combination treatment), 

may explain the delay in the onset of cell death in TRP treated cells. Interestingly, the 

outcomes of combination of E2 and TA treatment are not universal. In fact, our results suggest 

the different TAs interact differently with E2, and the nature of the interaction not only alters 

TJP status, but also cell sensitivity/vulnerability to stressors. Whether this represents E2-

dependent actions of TAs or rather E2-dependent priming of cellular sensitivity and tight 

junction status to stressors (or even a combination), remains to be elucidated.  

 

On face value, however, the occludin results seem to contradict literature pertaining to 

occludin expression in IBS. In fact, increased proteasome-mediated degradation of occludin 

in patients with IBS has been reported (Coeffier et al., 2010), with lower levels of occludin 

expression positively correlating to clinical IBS outcomes (symptom duration and abdominal 

pain intensity) (Bertiaux-Vandaele et al., 2011). Accordingly, to Kuo et al., (2019) in chronic 

inflammatory conditions, the resultant downregulation of occludin – and consequentially 

reduced caspase-3 expression – has been described as an anti-apoptotic process, which aims 

to maintain mucosal homeostasis, and may explain the body of literature that reports lower 

occludin levels in IBS patients. In terms of the potential effects of TAs in this context, our 

results demonstrate individual TA responses (high dose TYR and AGM), which increased 

PGE2 levels and decreased ‘uncolocalised’ occludin signal in vitro. As such, the 

implementation of appropriate in vivo models is required to elucidate the consequences that 

chronic exposure to elevated TA levels could have, and if those effects translate to adaptive 

occludin diminishment in robust models of gastrointestinal inflammation.   

 

Furthermore, in terms of ZO-1, similar responses were observed to all TAs employed. 

‘Uncolocalised’ ZO-1 expression decreased significantly at low doses of TA (although only 

reaching statistical significance for PEA and TRP). Interestingly, at high doses, there is a 

partial recovery in these levels. These results are in line with IBS literature, where a reduction 

in ZO-1 protein levels in colonic mucosal biopsies of patients with IBS (n=50), compared to 
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controls (n=30), has been reported (Bertiaux-Vandaele et al., 2011). These findings could 

therefore suggest that chronic exposure to low doses of TAs (that importantly do not result in 

cell death), could contribute to the reported low ZO-1 expression in IBS. Again, appropriate in 

vivo investigations are required to confirm this. In addition, current data report a baseline E2 

TJP phenotype, which is characterised by an increase in ‘uncolocalised’ occludin and 

decreases in ‘uncolocalised’ ZO-1 and colocalisation between occludin and ZO-1. In a study 

that set out to assess the effects of ovarian hormones and hormonal cycling on paracellular 

permeability in intestinal epithelium, authors reported that menstrual cycle phase was 

associated with colonic permeability in female rats, with increasing permeability correlating to 

a decrease in or lower concentrations of E2 (Braniste et al., 2009). Interestingly, utilising an in 

vitro colon model in the same study, Braniste et al., (2009) reported that E2 increased occludin 

protein expression, but had no effect on ZO-1. This E2-dependent increase in occludin 

expression has also been reported in cervical epithelial cells (Zeng et al., 2004) and rabbit 

esophageal tissues (Honda et al., 2016). More recently, the analysis of primary human gut 

tissues by Zhou et al., (2017) indicated that ZO-1 expression was decreased in females 

compared to males, independently of ERb expression. Relatedly, the same authors reported 

that in vitro E2 treatment decreased ZO-1 promoter activity, mRNA, and protein expression in 

colon cells (Zhou et al., 2017). As such, our results seem consistent with literature. In the 

context of IBS, recent literature reports that colonic mucosa ZO-1 mRNA expression was lower 

only among females IBS patients when compared to controls (Lee et al., 2020c). The authors 

suggested that this finding may indicate gender differences in IBS pathophysiology and could 

partially explain female vulnerability to IBS.  

 

Finally, TA treatment resulted in a decrease in the colocalization of occludin and ZO-1 along 

the cell periphery, although the extent of this response varied between TAs. According to 

several studies in many different tissues, the reduced colocalisation between occludin and 

ZO-1 is related to tight junction disruption and increased epithelial permeability measured by 

transepithelial/trans-endothelial electrical resistance (Alonso et al., 2008, Peerapen and 

Thongboonkerd, 2011, Petecchia et al., 2012, Price et al., 2014). In addition, at high TA doses, 

observable loss of cellular structure and morphology were associated with an increase in the 

intracellular localization of colocalized signal, as well as clumping of colocalized ZO-1 and 

occludin. This is again in line with literature. Bertiaux-Vandaele et al., (2011) reported irregular 

(and even cytosolic) distribution of ZO-1, occludin, and claudin-1 in colonic biopsies from 

patients with IBS, compared to the typical reticular pattern observed in control biopsies. While 

the precise mechanisms of actions TA-associated tight junction disruption are unclear, we 

suggest that TA binding to the a2-adrenergic receptor (expressed in HT-29 cells), may have 
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stimulated actin re-organization that resulted in ZO-1 disassembly and subsequent 

degradation/loss. Indeed, findings from a receptor inhibition experiment by Luqman et al., 

(2018) suggested that TAs (PEA, TRP and TYR) promote a2-adrenergic receptor-mediated 

actin re-organisation, which facilitated the effects of TAs to boost adherence to and stimulate 

subsequent internalization of intestinal microbes into HT-29 cells. Taken together the TJP 

results reported in our study reiterates the complexity of TA-TJP interplay in a multi-microbe 

populated environment, necessitating investigation in whole organism models to fully elucidate 

the role of TA load in the context of sex bias in IBS. 

 

3.6 Conclusion 

 

To conclude, current data suggest that microbially-derived TA profile can be altered by 

fluctuating E2 levels, and that this altered TA content in the gut may compromise gut health 

by promoting a relatively more pro-inflammatory cellular phenotype and decreasing gut barrier 

integrity via breakdown of epithelial TJP function. Data suggest that TAs may exert their 

observed effects via α-adrenergic receptors and ER, but more focussed research is required 

to fully elucidate ligand-receptor interactions at play. Taken together, current data illustrate a 

clear role for estrogen in TA-mediated outcomes on gut health, which may have implications 

in female susceptibility to IBS. Current data demonstrates the complexities of E2 and TA 

interactions and limitations of cellular models, highlighting the requirement for further research 

employing suitable in vivo models.  
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3.7 Supplementary materials 

 

Supplementary data relating to microbial secretome analyses 
 

Microbial culture 
Microbial sequencing: To confirm the authenticity of the bacterial and yeast strains, DNA from 

each cultured organism was isolated using Quick-DNAä Fungal/Bacterial Miniprep Kit (Zymo 

Research, D6005) and the partial bacterial 16S rDNA (F8 5’-

CACGGATCCAGACTTTGATYMTGGCTCAG-3’ and R1512 5’- 

GTGAAGCTTACGGYTAGCTTGTTACGACTT-3’) region and yeast D1D2 (F63 5’-

GCATATCAATAAGCGGAGGAAAAG-3’ and LR3 5’-GGTCCGTGTTTCAAGACGG-3’) region 

was amplified with polymerase chain reactions (PCR). Next, the PCR products were purified 

with GeneJET PCR Purification Kit (Thermo Scientific, K0701) prior to cloning with CloneJET 

PCR Cloning Kit (Thermo Scientific, K1231). The cloned pJET vectors were transformed into 

chemically competent DH5a Escherichia coli. Clones were subsequently plated onto Luria 

Bertani agar (1.2 % m/v) supplemented with 100 µg/mL ampicillin. Overnight colonies were 

used to inoculate 5 mL LB broth supplemented with 100 µg/mL ampicillin and incubated with 

aeration at 37°C overnight. Plasmid DNA was extracted from overnight cultures with the use 

of the PureYieldä Plasmid Miniprep System (Promega, A1222). Plasmids digested to confirm 

PCR product inserts and plasmid DNA samples were sent for DNA sequencing using primers 

provided in the CloneJET PCR cloning kit (CAF, Stellenbosch University) for analyses. 

 

Microbial growth curves: The growth of the following microbes was assessed over a 16 hr 

period: (i) bacteria, including the probiotic species Lactobacillus plantarum 423 and 

Enterococcus mundtii ST4SA, as well as commensal L. reuteri and L. rhamnosus species, 

which were generously donated by Prof Leon Dicks (Department of Microbiology, 

Stellenbosch University), and (ii) a yeast, Saccharomyces boulardii, which was isolated from 

a commercial probiotic capsule (Inteflora 250). Briefly, at time 0 hrs, each organism was 

diluted to an optical density (OD) of 0.05, measured with the SmartSpec™ Plus 

Spectrophotometer (BIO RAD, 170-2525) at a wavelength of 595 nm. All cultures (200 mL) 

were incubated at 37°C (to simulate body temperature) under aerobic conditions for the 

duration of the growth curve. Hormone treatment of 1 nM 17b-Estradiol (E2) (Sigma, E2758) 

was added at time points 0 hrs, 3.5 hrs and 7 hrs to replicate a mean E2 concentration, 

normally circulating during the follicular phase of the menstrual cycle (Albert et al., 2015). Each 

hour, for 16 hrs, as well as at 30 min before and after hormone treatments, 1 mL of 
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resuspended broth mixture was deposited into a clean plastic cuvette and the OD was 

determined as for time 0 hrs.  

 

Effect of E2 on microbial growth 
 

 

 
Supplementary Figure 3.1: Effect of 1 nM 17b-estradiol on the growth of (A) Lactobacillus plantarum, 
(B) Enterococcus mundtii, (C) Saccharomyces boulardii, (D) Lactobacillus reuteri, and (E) Lactobacillus 
rhamnosus over a 16-hour period. Data is expressed as a mean ± SD.  
 

Supplementary data relating to immunofluorescent staining of tight junction proteins 
 

Tight junction protein immunofluorescent staining: Tight junction protein staining was 

performed as described in the main text. Additional information reported below includes 

quantitative data for total fluorescent occludin and ZO-1 signal (‘uncolocalised’ data is reported 

in the main text since changes in the cellular distribution of these proteins in response to TA 

treatment was of importance to this study), as well as the colocalization between these two 

tight junction proteins following colocalization analyses. 
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TA-induced changes to the functional profile of HT-29 cells are not altered by E2, 
despite baseline differences 
 

 
 
Supplementary Figure 3.2: Effect of low (0.1 nM) levels of 17b-estradiol (E2) treatment on the 
percentage of relative area of the imaged HT-29 cell monolayer that stained positive for tight junction 
proteins following selected TA-exposure: (A, E & I) β-phenylethylamine (PEA), (B, F & J) tryptamine 

(TRP), (C, G & K) ρ-tyramine (TYR), and (D, H & L) agmatine (AGM). (A to D) Effect on colocalization 
of occludin and ZO-1, (E to H) effect on total occludin, and (I to L) effect on total ZO-1 signal. The data 

is represented as mean ± SEM. Statistical analysis: 2-way ANOVA’s with Šídák's multiple comparisons 
tests: * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. Asterisk’s (*) represent TA dose effect 

under the same E2 condition, while hashtags (#) represent effect of E2. 
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Chapter 4 
 

Rooibos (Aspalathus linearis) alters secretomes trace amine profile 
of probiotic and commensal microbes in vitro. 
 

This chapter has been published in the Journal of Ethnopharmacology (Impact Factor: 5.195). 

 

Citation reference: Pretorius, L., Van Staden, AD., Kellermann, TA., Henning, N., Smith, C. 

(2022) Rooibos (Aspalathus linearis) alters secretomes trace amine profile of probiotic and 

commensal microbes in vitro. J Ethnopharmacol. 297:115548. 

https://doi.org/10.1016/j.jep.2022.115548  

 

4.1 Abstract 

 

Ethnopharmacology relevance 
Aspalathus linearis (Burm.f.) R. Dahlgren (rooibos) tea is anecdotally renowned for its calming 

effect in the context of gastrointestinal discomfort, but little scientific support is available to 

elucidate potential mechanisms of action. Enhancement of dietary polyphenol content to 

improve gut health via prebiotic-like modulation of the gut microbiota has gained significant 

research interest. Given the known high polyphenol content of rooibos, rooibos tea may 

potentially exert a prebiotic effect in the gut to facilitate an improvement in chronic 

inflammatory gastrointestinal conditions.  

Aim of the study 
This study aimed to determine the prebiotic or health-modulating potential of rooibos tea in 

terms of its effect on gut microbial growth and secretome trace amine composition, as well as 

to determine how differential rooibos processing alters this activity.  

Methods 
Three rooibos preparations (green and fermented leave aqueous extracts, as well as a green 

leaf ethanol extract) were compared in terms of their phenolic composition (qTOF-LC/MS). 

Moreover, the effect of rooibos exposure on growth and secretome trace amine levels of 

probiotic and commensal microbes were assessed (LC/MS). In addition, given the known 

female bias prevalent for many gastrointestinal disorders, experiments were conducted in the 

absence and presence of estradiol.  
Results 
Polyphenolic composition of rooibos was drastically reduced by fermentation. Aqueous 

extracts of both green and fermented rooibos improved microbial growth, although fermented 

rooibos had the most pronounced effect (p<0.01). In terms of secretome trace amine profile, 

both aqueous extracts of rooibos seemed to facilitate increased putrescine secretion 

(p<0.0001) and decreased tryptamine production (p<0.0001). Estradiol seemed to suppress 

trace amine secretion by bacteria (Lactobacillus plantarum, Lactobacillus reuteri and 

Enterococcus mundtii) but increased it in yeast (Saccharomyces boulardii).  
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Conclusion 
Rooibos altered gut probiotic and commensal microbial growth and secretome trace amine 

profiles in vitro, suggesting it has potential to modulate gut microbial composition and 

functionality as a prebiotic. Current data suggest that these effects are highly dependent on 

raw material processing. Finally, rooibos may be able to prevent estradiol-induced alterations 

in trace amine profile, which may have important implications for patient management in 

female-predominant gastrointestinal disorders.  

 

Graphical abstract 

 

 

4.2 Introduction 

 

Aspalathus linearis (Burm.f.) R. Dahlgren (rooibos), a well-known antioxidant herbal tea, has 

gained popularity for its potential health promoting properties – which is mainly ascribed to its 

diverse polyphenol content. Indeed, rooibos contains numerous polyphenols, including 

dihydrochalcones (aspalathin & nothofagin), flavones (luteolin, chryoeriol, (iso)-orientin & 

(iso)-vitexin), flavanones ((R)- and (S)-eriodictyol-6-C-glucoside, and (R)- and (S)-eriodictyol-

8-C-glucoside), flavonols (quercetin, rutin & hyperoside), lignans and hydroxycinnamic 

derivatives (Malongane et al., 2018, Stander et al., 2017, Walters et al., 2017), for which 

various health benefits have been described (Smith and Swart, 2018). Rooibos tea is 

commercially distributed in two forms, unfermented or green, and fermented – the latter of 

which has a substantially reduced polyphenol content (Stalmach et al., 2009) as a result of 

the fermentation process. 

 

Traditionally, among many other uses, rooibos tea is consumed to aid digestive 

problems/stomach cramps and nervous tension (Mahomoodally, 2013, Viljoen et al., 2022). 

In this regard, the antispasmodic actions of rooibos tea are reportedly mediated through the 

activation of K+ ion channels (Gilani et al., 2006), warranting the use of rooibos tea in 

hyperactive gastrointestinal disorders, however, very little research is available in this context. 
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More specifically, rooibos has been attributed moderate phytoestrogenicity (Shimamura et al., 

2006). This warrants investigation of rooibos supplementation in female predominant 

gastrointestinal disorders, such as irritable bowel syndrome (IBS). 

 

In this context, it is well-known that the gut microbiome plays a fundamental role in both 

maintenance of health, as well as in the pathogenesis of various diseases (Lavelle and Sokol, 

2020, Lobionda et al., 2019, Valdes, 2018, Zheng et al., 2020). As such, an individualised 

approach toward nutrition and medication – as potential substrates for microbes – is becoming 

increasingly important in modulating the gut microbiome (Milutinovic et al., 2021). Indeed, 

despite the complexity and variability of this interplay, recent research clearly shows that the 

interaction between the gut microbiota and undigested foods can yield various metabolites 

that could promote or jeopardise human health (Koh and Backhed, 2020), seeing that signals 

from microbial metabolites influence immune maturation and homeostasis, host energy 

metabolism and maintenance of mucosal integrity (Lavelle and Sokol, 2020), to name a few. 

Many of these dietary substrates are prebiotics, which are selectively utilized by host colonic 

microbes conferring health benefits, by promoting the growth and the activity of these 

beneficial bacterial strains. Until recently, the prebiotic concept was limited to select non-

digestible carbohydrates. However, phytochemicals, particularly polyphenols, also reportedly 

exert potentially prebiotic effects (Rodriguez-Daza et al., 2021). Thus, enhancement of dietary 

polyphenol content to modulate the gut microbiome has potentiality to improve health and 

prevent disease. 

 

In terms of specific candidate prebiotics, polyphenols are a varied class of secondary plant 

metabolites, which are found in most healthy diets (present in vegetables, fruits, spices, and 

medicinal plants). Owing to their chemical structure, they are poorly absorbed (<5 to 10 % of 

the ingested polyphenols are resorbed in the small intestine) and thus reach the colon, where 

they are bio-transformed by the resident microbes (Ozdal et al., 2016). As reviewed by 

Rodriguez-Diaz et al., (2021), the direct beneficial effect of polyphenols on the gut microbiota 

relies on two main modes of action, namely the simultaneous antimicrobial effect on potential 

pathogens, and the stimulation of beneficial microbes. Specifically, polyphenols can stimulate 

several keystone bacterial species such as Bacteroides thetaiotaomicrom, Faecalibacterium 

prausnitzii, Akkermansia muciniphila, and Bifidobacteria and Lactobacilli spp. (Anhê et al., 

2015, Gonzalez-Sarrias et al., 2018, Rodriguez-Daza et al., 2020, Roopchand et al., 2015) to 

have a positive impact on gut health (Catalkaya et al., 2020). 

 

The use of tea to modulate the gut microbiota is not a new notion. In fact, a review by Liu et 

al. (2020), suggested that teas or tea constituents (tea liquids, tea extracts, polyphenols, 
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polysaccharides and teasaponin) of Camellia sinensis (green tea, oolong tea, Fuzhuan brick 

tea and Pu-erh tea) possess a prebiotic-like effect which can alleviate gastrointestinal 

dysbiosis. The authors further suggested the potential of strategically selected tea extracts to 

be developed into functional foods. In line with this, we proposed that rooibos and its 

polyphenol constituents could similarly regulate the gut microbiota. In support of this, a study 

in vervet monkeys suggested that green rooibos and its major bio-active phenolic compound, 

aspalathin, enhanced the relative abundance of health promoting butyrate-producing bacteria 

such as Faecalibacterium prausnitzii, Prevotella stercorea and P. copri (Mangwana, 2020). 

 

This study aimed to add to this literature by determining the prebiotic or health-modulating 

potential of rooibos tea in terms of its effect on gut microbial growth and secretome 

composition. Specifically, probiotic strains Lactobacillus plantarum, Enterococcus mundtii and 

Saccharomyces boulardii, as well as a commensal strain of Lactobacillus reuteri, were 

cultured in the absence or presence of three different rooibos preparations (aqueous extracts 

from unfermented and fermented leaves, as well as an ethanol extract from unfermented 

leaves), and their growth and secretome trace amine (TA) content assessed. TA content was 

decided on as a marker of functional capacity since microbial conversion of dietary substrates 

(amino acids) into small bioactive molecules (TAs) represents a potential regulatory 

mechanism by which gut microbes alter intestinal physiology (Bhattarai et al., 2018, Han et 

al., 2021, Lee et al., 2020b, Neis et al., 2015, Santoru et al., 2017). In addition, the different 

rooibos preparations (aqueous extract of raw green rooibos (GR), aqueous extract of raw 

fermented rooibos (FR), and ethanol extract of green rooibos (GRE)) were compared in terms 

of their phenolic composition. Lastly, given the exacerbated symptomology associated with 

cyclic fluctuations of estradiol (E2) in female predominant gastrointestinal disorders – such as 

IBS (Heitkemper and Jarrett, 2008, Mulak et al., 2014) – and our previous report of estrogen-

mediated changes in secretome TA levels (Pretorius et al., 2022b), the effect of rooibos to 

counter E2 effects were investigated. 

 

4.3 Methods and materials  

 

4.3.1 List of reagents 
Reference and deuterated standards purchased from Toronto Research Chemicals (Canada) 

include b-phenethylamine (PEA; P321335, CAS 64-04-0), tryptamine (TRP; T894600, CAS 

61-54-1), r-tyramine (TYR; T898493, CAS 60-19-5), phenethylamine-d4 (PEA-d4; P321336, 

CAS 87620-08-4) and putrescine-d8 (PUT-d8; D416027, CAS 709608-92-4). In addition, 

reference standards for agmatine (AGM; A7127, CAS 2482-00-0) and putrescine (PUT; 
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D13208, CAS 110-60-1) were purchased from Merck/Sigma, as well as estradiol (E2; E2758, 

CAS 50-28-2), L-phenylalanine (P17008, CAS 63-91-2), L-tryptophan (T0254, CAS 73-22-3), 

L-tyrosine (T3754, CAS 60-18-4), L-arginine (A5131, CAS 1119-34-2), DMSO (276855, CAS 

67-68-5), TRIS base (T1503, CAS 77-86-1), D-(+)-glucose (G7528, CAS 50-99-7), de Man, 

Rogosa & Sharpe broth; (MRS; 69966), M17 broth (56156) and Yeast peptone glucose broth 

(YPD; Y1375). For LC/MS analyses Methanol 215 (MeOH; H409L, CAS 67-56-1) and 

acetonitrile (H048L, CAS 75-05-8) were purchased from ROMIL pure chemistry (Cambridge), 

while the ammonium acetate (A114-50, CAS 631-61-8), ammonium formate (All550, CAS 

540-69-2), and formic acid (FA; A117-50, CAS 64-18-6) utilised were purchased from Fisher 

chemical (USA). 

 

4.3.2 Rooibos preparations 
Both unfermented (green) and fermented rooibos (or Aspalathus linearis (Burm.f.) R. Dahlgren 

(official name according to http://www.theplantlist.org (access date: 07/06/2022)) were 

assessed. Unfermented and fermented leaves from the same raw plant source material, as 

well as an ethanol extraction from the unfermented leaves, were kindly donated by Mr Roy 

van Brummelen (Van Brummelen Consultants, Pretoria, South Africa). Water extracts of green 

(GR) and fermented (FR) rooibos were obtained by steeping raw intact tea leaves in boiling 

water for 10 min (hot plate with a stirrer bar), before vacuum filtration (Whatman filter paper) 

and centrifugation at 10 000 rpm were utilised to remove any sediment. The resultant tea 

supernatant was concentrated and filter sterilized (0.22 µm pore size) to create working 

stocks. The final experimental treatment concentration was equivalent to 8-fold the 

concentration of rooibos tea normally consumed (which is prepared by steeping 2.5 g of tea 

leaves per 200 mL boiling water for a few minutes). To obtain this 8-fold concentration 

aqueous extracts were prepared at 10% m/v and GRE was prepared at 100 µg/mL 

(reconstituted in DMSO and diluted in water), which we have previously determined to also 

equate to an 8-fold concentration of tea in terms of polyphenol content (Lopez et al., 2022). 

The decision to utilise a single concentration of each rooibos preparation was based on 

previously generated data by our group and others. Firstly, from human supplementation 

studies with a chronic administration design, it has been concluded that less than 6 cups of 

rooibos per day is not enough to result in significant antioxidant benefit - although it was able 

to significantly reduce cortisol synthesis in humans and rodents (Schloms et al., 

2014),suggesting  mild anti-inflammatory outcome. This is in line with literature suggesting the 

use of at least 6-8 cups of tea as daily supplement (Breiter et al., 2011, Marnewick et al., 2011, 

Rodgers et al., 2016). Secondly, the dose chosen here, which equates to 8 cups of tea in 

terms of polyphenol content, has been shown to exert sufficient antioxidant capacity to protect 

Stellenbosch University https://scholar.sun.ac.za



 74 

human neuronal cells from H2O2-associated oxidative damage in cell culture models (Lopez 

et al., 2022), which by nature has a more acute design and is more similar to the design of the 

current study. Thirdly, dose-responses performed in HT-29 colon cells (Supp. Fig 5.2) – the 

cell type commonly used for research focused on gut heath - confirmed optimal cell viability 

at our selected dose, supporting our decision.  

 

4.3.3 Quantification of phenolic constituents 
We employed the method described by Stander et al. (2017) to quantify fifteen major phenolic 

constituents commonly found in rooibos tea. Briefly, tea samples were extracted with 50% 

MeOH and 1% FA. A Waters Synapt G2 Quadrupole time-of-flight (q-TOF) mass spectrometer 

(MS) connected to a Waters Acquity ultra-performance liquid chromatograph (UPLC) was 

used for high-resolution UPLC-MS analysis (CAF, Stellenbosch University). Chromatographic 

separation was achieved on a Waters HSS T3 column (1.7 μm, 2.1 × 100 mm), and the column 

temperature was maintained at 55 °C. For all samples an injection volume of 2 μL was used 

and run using a binary mobile phase gradient which consisted of (A) 0.1% FA in H2O and (B) 

0.1% FA in acetonitrile. The flow rate was set to 0.3 mL/min throughout the set 29 min run 

time with the following separation conditions: the gradient started at 0% solvent B for 1 min 

and increased to 28% B over 22 mins in a linear way. It was then increased to 40% solvent B 

until 22.5 min, followed by an increase to 100% solvent B until 23 min. Solvent B was held at 

100% until 24.5 min, before being reduced to 0% solvent B to re-equilibrate to initial conditions 

for the final 4.5 min. Electrospray ionization was used in negative mode with a cone voltage 

of 15 V. Constituents were identified according to their accurate mass, MS/MS fragments, UV 

maxima and retention times as previously described (Stander et al., 2017) and quantified 

relative to rutin reference standards.  

 

4.3.4 Microbial growth curves 
To assess the effect of the different rooibos preparations on microbial growth, bacterial 

cultures (L. plantarum 423, L. reuteri, and E. mundtii ST4SA) were inoculated from frozen 40% 

glycerol stocks into MRS broth (51 g/L) and incubated at 37°C overnight (O/N), before being 

streaked out onto MRS agar (MRS with 1.5% w/v agar) and incubated at 37°C until visible 

colonies formed (24 to 48 h). MRS broth was inoculated with a single colony of the respective 

bacteria and incubated at 37°C (biological repeat = different colony) and this was used for 

subsequent experiments. For the growth curves, rooibos preparations were added to filter 

sterilized M17 media (42 g/L, supplemented with 0.5% glucose) to a final 1/3 ratio (control: tea 

replaced with ultrapure milli-Q water). The various rooibos supplemented media preparations 

were inoculated at 1% (v/v) with respective O/N bacterial cultures. Inoculated preparations 
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(150 uL/well) were pipetted into 96-well microtiter plate, and at respective time points the total 

volume of wells were removed and used to determine optical density (OD) at 595 nm. Samples 

were diluted as needed to keep values below 1.0.  

Similarly, S. boulardii 17 was streaked out from frozen 40% glycerol stocks into YPD broth 

(Yeast extract 10 g/L, peptone 20 g/L and 20 g/L glucose) and incubated at 30°C O/N, before 

being streaked out onto YPD agar (YPD with 1.5% w/v agar) and incubated at 30°C until visible 

colonies formed (24 to 48 h). Separate colonies were used to inoculate YPD broth and 

incubated at 30°C for 48 h. These cultures were used to inoculate tea media preparations as 

above with YPD (instead of M17) used as the base media. The inoculated preparations were 

used to fill the wells of a 96-well microtiter plate (200 uL/well). OD readings were recorded as 

above.  

 

4.3.5 Microbial secretome analyses  
As mentioned previously, TA content was chosen as a marker of functional capacity since 

these microbially-derived bioactive molecules regulate intestinal physiology. In line with our 

theory of TA involvement in IBS and its female bias (Pretorius and Smith, 2020), we have 

decided to assess the effect of different rooibos preparations on b-phenethylamine (PEA), 

tryptamine (TRP), r-tyramine (TYR), agmatine (AGM) and putrescine (PUT) generation (from 

amino acid precursors) and secretion by representative gastrointestinal microbes. These TAs 

were specifically selected since they have known roles in the gastrointestinal tract (GIT), 

and/or have been implicated in dysbiosis or gastrointestinal disorders and are readily formed 

from precursor L-amino acids which are in rich supply in the gut.  

 

Conditioned media: Briefly, L. plantarum, L. reuteri, E. mundtii, and S. boulardii were cultured 

to stationary phase (overnight) under optimal conditions. Each culture was pelleted and 

washed once in phosphate buffered saline (PBS; pH 7.2), before being resuspended in an 

equal volume of pH 7.4 minimal media solution (0.2 M TRIS HCl, 5% m/v glucose, and 1 mg/mL 

amino acid mix: L-phenylalanine, L-tryptophan, L-tyrosine, and L-arginine), and supplemented 

with either 10% m/v GR, 10% m/v FR, 100 ug/mL GRE or no rooibos (vehicle control). 

Additionally, all experiments were conducted in the absence or presence of 1 nM E2 in the 

minimal media phase. Resuspended cultures were incubated at 37 °C for 24 h in 12-well 

plates, before supernatants were collected and stored in aliquots at -80 °C for batch analysis.  

Sample preparation and extraction: To quantify TA levels in microbial conditioned media a 

protocol from D’Andrea et al. (2019) was adapted. Briefly, Supelclean™ LC-WCX SPE 

cartridges (Supelco, 505595) were conditioned with 1 mL absolute MeOH, followed by 2 

equilibrations with 1 mL 50 mM ammonium acetate pH 5. The samples, quality controls, blanks 
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and calibrators were buffered (200 µL: 800 µL) with 50 mM ammonium acetate pH 5. Loaded 

samples (with the exception of the double blank) were spiked with 20 µL internal standard mix 

containing 1.25 µg/mL phenethylamine-d4 and 10 µg/mL putrescine-d8. Cartridges were 

washed with 1 mL 5% MeOH in H2O, 1 mL 10% MeOH in H2O and finally 1 mL 20% MeOH in 

H2O, before eluting twice with 1 mL acetonitrile containing 5% FA. The eluent was evaporated 

to dryness under vacuum utilising the Genevac miVac Duo Sample Concentrator at 40°C. 

Samples were reconstituted in 500 µL MeOH:H2O with 0.1% FA, and analysed on the LC-

MS/MS in 96-well plates. 

 

LC-MS/MS analysis: The method was developed on the SHIMADZU 8040 LC-MS system. For 

chromatographic separation samples were injected onto an Agilent Poroshell 120 EC-C18 

column (2.7 µm, 3.0 x 100 mm) at a flow rate of 0.4 mL/min. The column oven temperature 

was maintained at 30°C. For all samples an injection volume of 5 µL was used and run using 

a binary mobile phase gradient which consisted of (A) 0.1% FA and 5 mM ammonium formate 

in Milli-Q water (Synergy® polished) and (B) 0.1% FA and 5 mM ammonium formate in 95% 

Methanol and 5% Synergy® polished Milli-Q. Mobile phases were controlled to elute in a 

gradient as follows: hold mobile phase B at 5% for 30 sec, increase mobile phase B to 95% 

until 4 min, hold mobile phase B at 95% until 5 min, followed by reduction to 5% at 6 min. The 

system was re-equilibrated at 5% mobile phase B until 9 min. The acquisition was set in 

positive electrospray ionisation mode with multiple reaction monitoring (MRM) using Argon as 

the collision-induced dissociation gas (see Table 4.1 for MRM conditions). Instrument control, 

acquisition and the analysis of data was provided by LabSolutions Version 5.97 software 

(Shimadzu Corporation). For TA quantification, calibration curves were established with 

commercially available TAs. Integrated data were exported to Microsoft Excel for further 

analysis. 

 

4.3.6 Statistical analyses 
All microbial experiments were conducted in triplicate and repeated at least three times. 

Triplicate values were averaged to yield a final n=3 for all data points presented. Statistical 

analyses of all data were completed utilizing GraphPad Prism Version 9.1.2 

(www.graphpad.com, San Diego, CA). Microbial growth curve data are represented as mean 

± standard deviation (SD) over time, while TA quantifications from secretomes are 

represented as both relative distribution (mean % of total TA output per organism), as well as 

absolute (mean ± standard error of mean (SEM) concentration. Statistical analyses included 

2-way ANOVAs with Tukey’s multiple comparison tests for both the microbial growth curve 
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data, as well as for the TA quantification from secretome data set. A p-value of < 0.05 was 

considered statistically significant. 

 

Table 4.1: Multiple reaction monitoring (MRM) conditions using Argon as collision-induced dissociation 
gas, for detection of trace amines in the positive electrospray ionisation mode on LC-MS/MS. 
 

Analyte Retention time (min) MRM transition 

r-Tyramine (TYR) 2.850 
138,1000 ® 121,0500 
138,1000 ®   77,000* 

138,1000 ®   91,000 

b-Phenylethylamine (PEA) 3.720 
122,1000 ® 105,0500* 

122,1000 ®   77,0000 
122,1000 ®   51,0000 

Tryptamine (TRP) 3.961 
161,1078 ® 144,1000* 

161,1078 ® 117,0500 
161,1078 ® 115,0000 

Agmatine (AGM) 1.204 
130,9500 ®   72,0500* 

130,9500 ®   59,9500 
130,9500 ® 113,9000 

Putrescine (PUT) 1.130 89,0000   ®   72,1500* 

Phenylethylamine-d4 (PEA-D4) 3.711 
126,2000 ® 109,0500* 

126,2000 ®   79,1000 
126,2000 ®   51,9000 

Putrescine-d8 (PUT-D8) 1.134 97,1500   ®   80,1000* 
 

* MRM transition used for quantification  

 

4.4 Results 

 

4.4.1 Effect of fermentation and extraction on the composition of rooibos tea 
Initial q-TOF data (Supplementary Table 4.1 to 4.6) highlighted that GR had a more diverse 

polyphenol content than both FR and GRE preparations, such as the presence of epicatechin 

for example. However, due to the lack of rooibos-specific constituents in available MSP 

spectral libraries, a more targeted approach was employed to quantify fifteen major phenolic 

constituents found in rooibos (chromatograms of samples available in supplementary 

material). From these results, GR had the highest aspalathin and nothofagin content, as 

expected (Fig. 4.1). Fermentation most notably lowered the levels of rutin, aspalathin and 

nothofagin, along with slight reductions in the levels of isoorientin, vicenin-2, vitexin, orientin, 

isovitexin, phenylpropenoic acid glucoside (PPAG) and quercetin-3-O-robinobioside, when 

compared to both the original levels found in GR and those found in the GRE (Fig. 4.1). 

However, FR had the highest levels of all eriodyctiol derivatives and isomers, increasing its 

total flavanone content compared to the other tea preparations. This is in line with literature 

reporting that oxidation of aspalathin during fermentation increases both dihydro-isoorientin 

((R)- and (S)-eriodictyol-6-C-glucoside) and dihydro-orientin ((R)- and (S)-eriodictyol-8-C-
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glucoside) (Krafczyk and Glomb, 2008). Moreover, extraction of GR to formulate the GRE 

particularly concentrated orientin and PPAG constituents, while also increasing the levels of 

iso-orientin, vicenin-2, luteolin-7-O-glucoside, and quercetin-3-O-robinobioside to higher 

levels than found in GR alone. In terms of approximate total polyphenol content of extracted 

tea samples, GR and GRE faired similarly with 460 µg/mL and 469 µg/mL respectively, while 

fermentation halved this, to a total of 224 µg/mL for FR.  

 

 

Figure 4.1: Changes in the concentration of fifteen major phenolic constituents between three rooibos 
samples: green rooibos ethanol extract (GRE), green rooibos aqueous extract (GR) and fermented 

rooibos aqueous extract (FR). Abbreviations: PPAG: phenylpropenoic acid glucoside 

 

4.4.2 Effect of rooibos tea on microbial growth is dependent on its processing 
According to growth curve data (Fig. 4.2), GR and FR improved the growth of all assessed 

microbes, while GRE has no lasting net effect on bacterial growth yet seemed to reduce the 

growth of yeast significantly compared to control (p<0.001). Interestingly, FR improved growth 

most significantly across the board for bacterial cultures at the final time point of assessment 

(A: p<0.01, B & D: p<0.001), while in the case of S. boulardii, both GR and FR improve growth 

equally well (Fig. 4.2 C, p<0.0001 for both).  
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Figure 4.2: Effect of rooibos on the growth of (A) Lactobacillus plantarum, (B) Enterococcus mundtii, 
(C) Saccharomyces boulardii, and (D) Lactobacillus reuteri. Data is expressed as a mean ± SD, n=3. 
Statistical analysis: 2-way ANOVA with Dunnett’s multiple comparison tests; * = p<0.05, ** = p<0.01, 
*** = p<0.001, **** = p<0.0001, compared to control media conditions. Abbreviations: GREM: green 
rooibos ethanol extract enriched media, GRM: aqueous green rooibos enriched media, FRM: aqueous 

fermented rooibos enriched media, OD: optical density. 

 

4.4.3 Effect of rooibos on microbial secretome trace amine profile 
Alike to the growth curve data, TA secretion patterns were hugely dependent on preparation 

of the rooibos treatments. In Figures 4.3, 4.5, 4.7 and 4.9, the relative distribution of TAs in 

microbial secretomes under different conditions are presented. To aid with interpretation, the 

area of pie charts are indicative of total TA levels measured for a particular microbe, to allow 

for simultaneous visualisation and comparison of both absolute production and relative 

distribution of TAs. Under control conditions these total levels are 186 828 ± 778 ng/mL for E. 

mundtii – as the most predominant TA producer assessed - as well as 14 553 ± 7188 ng/mL 

for L. reuteri, 165 ± 53 ng/mL for S. boulardii and 56 ± 12 ng/mL for L. plantarum. In addition, 

absolute concentrations of TA detected are also presented graphically in Figures 4.4, 4.6, 4.8 
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and 4.10 to allow for within-microbe, TA-specific analysis of treatment (E2 and rooibos) 

effects.  

 

In the case of L. plantarum, under control conditions (Fig. 4.3A), TYR made up the highest 

proportion (66.49 %) of the total TAs secreted by the microbes, followed by TRP, AGM and 

PEA. Treatment with GRE (Fig. 4.3C) reduced TA diversity and slightly lowered total absolute 

production due to significantly reduced TRP production (p<0.0001) and the loss of PEA and 

AGM when compared to control (Fig. 4.4). However, both aqueous extracts had a significant 

effect on both absolute TA production and TA profile (main ANOVA effect for rooibos, 

p<0.0001). Firstly, GR treatment (Fig. 4.3E) altered the relative distribution of the secreted 

TAs, with 71.85 % of the total contribution consisting of PUT, while only 21.52 % was from 

TYR. Treatment with GR also increased total secretome TA content most significantly (10.28-

fold) when compared to control. This increase was associated with a remarkable increase in 

PUT levels (p<0.0001), although significant increases in TYR, PEA and AGM were also 

observed (p<0.0001 for all), while TRP production decreased significantly compared to control 

(p<0.05) (Fig. 4.4). Similarly, treatment with FR (Fig. 4.3G) altered relative distribution of TAs 

to approximately even contributions from TYR (48.5%) and PUT (44.5%) and also increased 

(2-fold) the total TA output when compared to control, but less so than seen in GR. Most 

significant were increases in TYR (p<0.01), AGM (p<0.05) and PUT (p<0.0001) levels (Fig. 

4.4), which as for GR, occurred at the cost of TRP, which decreased significantly when 

compared to control (p<0.0001). Regarding additional E2 treatment (Fig. 4.3B, D, H & F), 

specific effects of E2 on TA distribution were only observable under control conditions, where 

TYR, PEA and AGM production were lost in the presence of E2. In contrast, under rooibos-

supplemented conditions, no significant effect of E2 on TA distribution was evident. However, 

E2 treatment did generally lower the total TA levels secreted when compared to their 

respective media controls (Fig. 4.4), which is supported statistically by main ANOVA effects 

for E2 regarding PEA, TRP and AGM production (p<0.0001 for all) by L. plantarum.  
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Figure 4.3: Changes in the relative distribution (% of total) of trace amines in the secretome of 
Lactobacillus plantarum following rooibos and estradiol (E2) treatment. Rooibos treatments were as 
follows: (A & B) control media, (C & D) green rooibos extract media (GRE), (E & F) green rooibos media 
(GR), and (G & H) fermented rooibos media (FR). E2 treatments were as follows: (A, C, E, G) control 
(no E2), and (B, D, F, H) 1 nM E2 supplementation. The area of each pie chart is indicative of the fold 

change (total TA content) expressed relative to control (A). Abbreviations: TYR: r-tyramine, PEA: b-

phenethylamine, TRP: tryptamine, AGM: agmatine, PUT: putrescine. 
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Figure 4.4: The effect of rooibos (GRE, GR and FR) and estradiol (E2) treatment on secretion of (A) r-

tyramine (TYR), (B) b-phenethylamine (PEA), (C) tryptamine (TRP), (D) agmatine (AGM), and (E) 
putrescine (PUT) from Lactobacillus plantarum. The data are represented as the mean concentration 

of quantified trace amine (n=3) ± SEM. Statistical analysis: 2-way ANOVA with Tukey’s multiple 

comparison tests; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001, Y = main ANOVA effect of 

E2, W = main ANOVA effect of rooibos. Asterisk’s (*) represent TA dose effect under the same E2 
condition, while hashtags (#) represent effect of E2. Abbreviations: GRE: ethanol extract of green 

rooibos, GR: aqueous extract of green rooibos, FR: aqueous extract of fermented rooibos. 
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In contrast, total TA production by E. mundtii was only slightly modulated by rooibos 

treatments (Fig. 4.5), which may imply a reduced sensitivity towards modulation by rooibos. 

For this microbe, control conditions resulted in the most TA diversity and highest total TA 

secretion, with TYR making up 89.34 % of the total TA output. Notably, E. mundtii was the 

only microbe (of those assessed) to produce all selected TAs under control conditions. In the 

absence of added E2, treatment with GRE resulted in the loss of AGM and PUT (p<0.0001 for 

both) as well as significant absolute decreases in TYR (p<0.05) and TRP (p<0.0001) levels 

(Fig. 4.5C & Fig. 4.6). GR treatment reduced the secretion of TRP, AGM and PUT significantly 

(p<0.0001 for all) but seemed to maintain TA diversity – albeit at lower levels compared to 

control (Fig. 4.5E & Fig. 4.6). FR treatment was similarly associated with a decreased 

production of all TAs assessed (p<0.0001 for TRP, AGM and PUT), with the exception of TYR 

and PEA, which did not show significant decreases from control (Fig. 4.5G & Fig. 4.6). In most 

cases (except GRE), E2 treatment (Fig. 4.5) reduced total TA content (main effect of E2, 

p<0.05 for TYR & PEA, p<0.0001 for TRP, AGM & PUT, Fig. 4.6), and altered TA diversity 

(except GR) compared to respective media controls. In terms of magnitude of change, 

however, these findings suggest that E. mundtii TA production may be least sensitive to effects 

of E2, and rooibos of the microbes assessed.  
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Figure 4.5: Changes in the relative distribution (% of total) of trace amines in the secretome of 
Enterococcus mundtii following rooibos and estradiol (E2) treatment. Rooibos treatments were as 
follows: (A & B) control media, (C & D) green rooibos extract media (GRE), (E & F) green rooibos media 
(GR), and (G & H) fermented rooibos media (FR). E2 treatments were as follows: (A, C, E, G) control 
(no E2), and (B, D, F, H) 1 nM E2 supplementation. The area of each pie chart is indicative of the fold 

change (total TA content) compared to control (A). Abbreviations: TYR: r-tyramine, PEA: b-

phenethylamine, TRP: tryptamine, AGM: agmatine, PUT: putrescine. 
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Figure 4.6: The effect of rooibos (GR, GRE and FR) and estradiol (E2) treatment on secretion of (A) r-

tyramine (TYR), (B) b-phenethylamine (PEA), (C) tryptamine (TRP), (D) agmatine (AGM), and (E) 

putrescine (PUT) from Enterococcus mundtii. The data are represented as the mean concentration of 

quantified trace amine (n=3) ± SEM. Statistical analysis: 2-way ANOVA with Tukey’s multiple 

comparison tests; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001, Y = main ANOVA effect of 

E2, W = main ANOVA effect of rooibos. Asterisk’s (*) represent TA dose effect under the same E2 

condition, while hashtags (#) represent effect of E2. Abbreviations: GRE: ethanol extract of green 
rooibos, GR: aqueous extract of green rooibos, FR: aqueous extract of fermented rooibos. 
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by relatively small amounts of TRP and PEA only (Fig. 4.7A). Treatment with GRE did not 

affect the relative TA distribution or total production. (Fig. 4.7C). In contrast, treatment with 

GR decreased the total TA output by 3.5-fold (Fig. 4.7E), due to less TYR (ns) and decreased 

in TRP (p<0.0001) secretion (Fig. 4.8C). Despite this decrease, GR treatment significantly 

increased AGM (p<0.001) and PUT (p<0.0001) secretion when compared to control (Fig. 4.8). 

FR treatment similarly resulted in a decrease in the total TA output (2.7-fold compared to 

control, Fig. 4.7G), again due to significant loss of TRP (p<0.0001) (Fig. 4.8C). In terms of E2 

treatment (Fig. 4.7B, D, H & F), for all groups, TA diversity and relative distributions seemed 

unaffected, although, as for other bacteria, significantly reduced total TA levels were observed 

(3- to 20-fold; ANOVA main effect of E2, p<0.01 for TYR and p<0.05 for TRP, Fig. 4.8).  
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Figure 4.7: Changes in the relative distribution (% of total) of trace amines in the secretome of 
Lactobacillus reuteri following rooibos and estradiol (E2) treatment. Rooibos treatments were as follows: 
(A & B) control media, (C & D) green rooibos extract media (GRE), (E & F) green rooibos media (GR), 
and (G & H) fermented rooibos media (FR). E2 treatments were as follows: (A, C, E, G) control (no E2), 
and (B, D, F, H) 1 nM E2 supplementation. The area of each pie chart is indicative of the fold change 

(total TA content) compared to control (A). Abbreviations: TYR: r-tyramine, PEA: b-phenethylamine, 

TRP: tryptamine, AGM: agmatine, PUT: putrescine. 
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Figure 4.8: The effect of rooibos (GR, GRE and FR) and estradiol (E2) treatment on secretion of (A) r-

tyramine (TYR), (B) b-phenethylamine (PEA), (C) tryptamine (TRP), (D) agmatine (AGM), and (E) 

putrescine (PUT) from Lactobacillus reuteri. The data are represented as the mean concentration of 

quantified trace amine (n=3) ± SEM. Statistical analysis: 2-way ANOVA with Tukey’s multiple 

comparison tests; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001, Y = main ANOVA effect of 

E2, W = main ANOVA effect of rooibos. Asterisk’s (*) represent TA dose effect under the same E2 

condition, while hashtags (#) represent effect of E2. Abbreviations: GRE: ethanol extract of green 
rooibos, GR: aqueous extract of green rooibos, FR: aqueous extract of fermented rooibos. 
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(Fig. 4.10B & C). Similarly, GR treatment increased the total TA content (3.76-fold compared 

to control, Fig. 4.9E), again with major increases in TYR (24.03 % of total, p<0.01), as well as 

PUT (73.49 % of total, p<0.0001). Interestingly, secretion of PEA (p<0.01), TRP, and AGM 

(p<0.0001 for both) were reduced significantly despite the increase in total TA content (Fig. 

4.10). In contrast, FR treatment was not associated with a significant effect on total TA 

secretion when compared to control (Fig. 4.9G), although it did alter the relative distribution of 

TAs, decreasing TRP, PEA and AGM output considerably (p<0.0001 for all) (Fig. 4.10). In 

terms of E2 treatment, this yeast again showed a different response than the generally 

decreased TA production by bacteria in the presence of E2, as illustrated in the current study. 

Intriguingly, under control and FR media conditions (Fig. 4.9B & H), E2 treatment was 

associated with increased total TA outputs, while under GRE and GR media conditions E2 

treatment was linked to decreased total TA content (Fig. 4.9D & F). Indeed, main ANOVA 

effects for E2 were observed for PEA, TRP and AGM (p<0.0001 for all) production from S. 

boulardii. In terms of relative distribution of TAs, with the exception of control media conditions, 

E2 supplementation did not seem to have a significant effect. Under control conditions, 

however, the addition of E2 stimulated TYR production at the diminishment of PEA and TRP 

(p<0.0001 for both) (Fig. 4.10).  
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Figure 4.9: Changes in the relative distribution (% of total) of trace amines in the secretome of 
Saccharomyces boulardii following rooibos and estradiol (E2) treatment. Rooibos treatments were as 
follows: (A & B) control media, (C & D) green rooibos extract media (GRE), (E & F) green rooibos media 
(GR), and (G & H) fermented rooibos media (FR). E2 treatments were as follows: (A, C, E, G) control 
(no E2), and (B, D, F, H) 1 nM E2 supplementation. The area of each pie chart is indicative of the fold 

change (total TA content) compared to control (A). Abbreviations: TYR: r-tyramine, PEA: b-

phenethylamine, TRP: tryptamine, AGM: agmatine, PUT: putrescine. 
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Figure 4.10: The effect of rooibos (GR, GRE and FR) and estradiol (E2) treatment on secretion of (A) 

r-tyramine (TYR), (B) b-phenethylamine (PEA), (C) tryptamine (TRP), (D) agmatine (AGM), and (E) 

putrescine (PUT) from Saccharomyces boulardii. The data are represented as the mean concentration 

of quantified trace amine (n=3) ± SEM. Statistical analysis: 2-way ANOVA with Tukey’s multiple 

comparison tests; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001, Y = main ANOVA effect of 

E2, W = main ANOVA effect of rooibos. Asterisk’s (*) represent TA dose effect under the same E2 

condition, while hashtags (#) represent effect of E2. Abbreviations: GRE: ethanol extract of green 
rooibos, GR: aqueous extract of green rooibos, FR: aqueous extract of fermented rooibos. 

 

Taken together, treatment with both aqueous extracts of rooibos generally seemed to facilitate 

an increase in microbial PUT production and decrease in TRP production. It is important to 

note that these effects were not direct effects of changes in growth patterns (growth curves 
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performed in these media preparations showed no differences, data not shown). The effect 

on PUT was greater in magnitude after treatment with GR than FR, suggesting some loss of 

this effect after rooibos fermentation. This effect of rooibos was also likely lost in the ethanol 

extraction process, as this outcome was not observed in response to GRE treatment. In terms 

of a potential additional effect of E2, total TA secretion in bacteria was relatively suppressed 

in the presence of E2. In contrast, in the yeast, S. boulardii, TA secretion was increased in the 

presence of E2, while its response to E2 across different rooibos treatment conditions was 

highly variable. The fact that this variability in the response to E2 was only evident in this 

microbe, highlights the complexity of microbe, and E2 and treatment constituent interplay in 

determining TA profile in the gut microbial secretome. Lastly, in terms of specific TA responses 

to E2, TRP was produced at the highest concentrations under control conditions and in the 

absence of E2 by all microbes assessed here, which may indicate a similar effect of rooibos 

and E2 to reduce TRP levels.  

 

4.5 Discussion 

 

The current study presents novel findings on the effects of rooibos tea on probiotic and 

commensal microbial growth and their TA secretion capacities, which may, at least in part, 

inform on the potential mechanisms of action by which the anecdotal effects of rooibos to 

beneficially modulate gastrointestinal dysfunction/discomfort occur. In addition, by using 

different rooibos treatments prepared from the same raw plant material, we were able to 

present comparative data to demonstrate potential effects of fermentation and/or harsher 

extraction processing on the potential modulatory capacity of rooibos in the context of gut 

health.  

 

Firstly, current data illustrates that aqueous extracts of both green and fermented rooibos, but 

not an ethanol extract of green rooibos, promoted the growth of these microbes in monoculture 

in vitro. The distinct difference between FR and GR’s capacity to promote growth may be 

attributed to the fact that the process of fermentation increases the availability of simple rather 

than complex energy sources for microbial metabolism and subsequent growth. In the same 

line of thinking, we and many others have shown that variable processing of rooibos 

(fermentation or extraction) alters the concentrations of major phenolic constituents (Joubert 

and de Beer, 2011). The different effect of GR and FR vs. GRE on microbial growth suggests 

that total polyphenol content per se may not be the main driver for this difference, but rather 

perhaps specific constituents that are maintained only in aqueous preparation of raw tea 

material (i.e. preparation according to the indigenous knowledge practices). Indeed, initial q-

TOF data indicated that only the two aqueous extracts (FR and GR) potentially contain 
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chlorogenic acid (4-caffeoylquinic acid), which in a recent study was highlighted as a bioactive 

compound in coffee that promoted in vitro probiotic bacterial growth (Sales et al., 2020). This 

expands on reports from several in vitro studies demonstrating the direct favourable impact of 

polyphenols on beneficial bacteria regarding their growth in pure culture (reviewed by 

Rodriguez-Daza et al. (2021)).  

 

The limited extent to which rooibos changed secretome TA content have important 

implications for use of the tea as daily health supplement. The beneficial effects of rooibos are 

likely at least in part the result of synergistic actions between constituents, as previously 

reported for rooibos and many other plant extracts,  (Bennett et al., 2018, Qin et al., 2018, 

Smith and Swart, 2018). Thus, the very targeted effect of rooibos to reduce tryptamine levels 

in favour of putrescine highlights a potential mechanism for the beneficial effect of isolated 

rooibos constituents recently reported in gastrointestinal health (Cheng et al., 2020). At the 

same time, such a targeted effect is unlikely to carry risk of causing dysbiosis itself on chronic 

consumption. Thus, although regular consumption of rooibos tea is acknowledged as a 

functional food in terms of disease prevention (Smith and Swart, 2018, Abdul and Marnewick, 

2021), there may also be scope for an individualised or disease-specific approach to rooibos 

tea processing and supplementation via these elucidated targets.  

 

The current study design (microbial monoculture) limits our interpretation in terms of net TA 

profile outcome in the gut – and the potential of rooibos to modulate this profile. Nevertheless, 

current data allows for interpretations into the potential prebiotic effect of rooibos on particular 

microbes. This knowledge may inform on the microbes most sensitive to manipulation (of their 

TA secretory profile) by rooibos consumption or rooibos constituent supplementation, to 

promote gut health of their human hosts. Firstly, TYR formation via decarboxylation of tyrosine 

is a well-known characteristic of a variety of lactic acid bacteria including lactobacillus and 

enterococcus species (Marcobal et al., 2012, Pugin et al., 2017). In fact, TYR biosynthesis is 

transcriptionally induced at low pH as an adaptation to acid-stress response (Linares et al., 

2009, Perez et al., 2015, Wolken et al., 2006), which improves the fitness of these species in 

acidic environments, such as the caecum portion of the GIT (Fernandez de Palencia et al., 

2011, Pessione, 2012). As such, it was unsurprising that TYR made up the highest proportion 

of our analysed TA output under control conditions for all 3 bacteria assessed in our study. In 

terms of the implications of TYR for human health, elevated TYR levels in the gut have been 

linked to both local and systemic effects (Millichap and Yee, 2003, Yano et al., 2015), such as 

increasing the synthesis and secretion of serotonin (5-HT) from gut epithelial enterochromaffin 

cells into circulation in vitro (RIN14B chromaffin cells) and in vivo (germ free mice) (Yano et 

al., 2015). In addition, TYR has been shown to stimulate ileal contractions and neuropeptide 
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Y release ex vivo (Broadley et al., 2009). Authors also reported that TYR relaxed mesenteric 

vasculature but constricted peripheral vasculature (aorta and coronary arteries), suggesting 

that post-prandially, TYR may aid/promote digestion via stimulation of the gut and improved 

gastrointestinal circulation. As such, it has been suggested that some beneficial effects of 

probiotic lactobacillus and enterococcus species could be attributed to increased gut activity 

via their generation of TAs (Broadley et al., 2009). However, these beneficial effects facilitated 

by TYR seems highly dose dependent. For example, an increase in 5-HT release may 

manifest not only as anxiety (Marcinkiewcz et al., 2016) – a common co-morbidity in 

gastrointestinal disease (Dubinsky et al., 2021, Fond et al., 2014, Mikocka-Walus et al., 2016, 

Wu, 2012) – but may also negatively impact digestion, causing increased mucus production 

and preventing colonic NaCl reuptake, which may lead to diarrhoea, or altered smooth muscle 

contractility, which may result in either diarrhoea or constipation (Ormsbee and Fondacaro, 

1985). Indeed, in intestinal cell culture models, relatively high doses of TYR have been 

reported to be cytotoxic (Del Rio et al., 2017, Linares et al., 2016) and genotoxic (Del Rio et 

al., 2018), to modulate inflammatory cytokine/chemokine release (Fernandez de Palencia et 

al., 2011, Pretorius et al., 2022b) and to alter tight junction protein expression (Pretorius et al., 

2022b). Moreover, in a cross-sectional study evaluating the gut microbiome in an Italian cohort 

of patients with inflammatory bowel disease, TYR was found to be significantly elevated 

compared to healthy controls (Santoru et al., 2017). Interestingly, for all assessed bacterial 

cultures in this study, GRE treatment either decreased or left TYR secretion unchanged 

compared to control conditions, which may indicate a potential beneficial effect of GRE 

treatment in certain disease contexts where elevated levels of TYR may be associated with 

disease outcome/symptomology. Additionally, from the growth curve results, we can expect 

this action to not be at the expense of microbial growth and composition per extension. Given 

the high incidence of GIT disorders globally and the huge impact it has on both the economy 

(via absence from work) and quality of life (Sperber et al., 2021, Tack et al., 2019), this 

potential benefit to be gained from rooibos warrants more comprehensive investigation in vivo.  

 

In addition to TYR, PUT was also illustrated as a significant role player to be considered in the 

current context. In contrast to the high TYR secreted by the three bacteria assessed in the 

current study, PUT was the most abundant TA in the secretome of the probiotic yeast, S. 

boulardii. This is in line with literature illustrating in another strain of S. boulardii, the synthesis 

and secretion of measurable amounts of polyamines (PUT, spermine and spermidine) (Moré 

and Vandenplas, 2018). Indeed, it is the secretion of these polyamines, which enhances the 

expression of intestinal digestive enzymes, promotes nutrient uptake transporters and has a 

cumulative trophic action on the gut, that may in part account for the efficacy of S. boulardii 

as a probiotic (Kelesidis and Pothoulakis, 2012, Li et al., 2021b, Pais et al., 2020). As such, 
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the potential of GR to specifically increase PUT secretion from S. boulardii and potentially 

stimulate polyamine metabolism in the gut may be a beneficial mechanism of action to further 

investigate in the context of inflammatory bowel conditions.  

 

In terms of pronounced treatment effects, with the exception of E. mundtii – which was the 

microbe least affected by tea treatment in general – both FR and GR supplementation 

increased PUT output. Regarding the implications of increased PUT in the gut, the described 

effects of PUT in literature are inconsistent, due to differences in models, doses, and treatment 

durations. Nevertheless, dietary supplementation with 0.2 % PUT was reported to mitigate 

mucosal atrophy, improve anti-inflammatory function and intestinal integrity and to decrease 

the incidence of diarrhoea in weaning piglets (Liu et al., 2019). In support of these findings, 

Nakamura et al., (2021), reported that commensal bacterium-derived PUT was absorbed and 

utilized by the host to increase the abundance of anti-inflammatory macrophages in the colonic 

lamina propria (similar reprogramming to that of IL-4 stimulation). Additionally, these bacterial 

mediators ameliorated colitis-induced symptomology in mice. Furthermore, the benefit from 

increased PUT production may also be indirectly achieved by reducing the levels of agmatine 

(AGM), for which we have recently illustrated negative outcome in terms of tight junction 

functionality and inflammatory status (increased prostaglandin E2) in HT-29 gut epithelial cells 

in culture (Pretorius et al., 2022b). Indeed, in support of this interpretation, PUT production 

from AGM metabolism by commensal gut bacteria has previously been reported (Nakamura 

et al., 2019). In contrast to these beneficial findings, PUT was reported to disrupt tight junction 

integrity in ex vivo mouse colons (Grosheva et al., 2020). In the same study, 200 mg/kg PUT 

administration (10-day duration) was also shown to exacerbate colonic inflammation and 

increased gut permeability in a mouse colitis model. Moreover, in colonic cell culture models, 

higher doses of PUT were reported to have dose-dependent cytotoxic effects, although to a 

lesser extent than TYR (Del Rio et al., 2019). Taken together, the implications of increased 

PUT levels in the gut depends on its physiological availability/dose and metabolism in the gut. 

Therefore, to interpret the potential effect of rooibos to increase PUT in the gut context, more 

thorough investigations should broaden investigation into downstream metabolites in 

appropriate in vivo models.  

 

Moreover, GR and FR – and to a lesser extent GRE too – treatments were also associated 

with decreased TRP across the board. Although TRP is present in the microbial secretomes 

at much lower concentrations than TYR or PUT, it may be of relevance to the current context 

given that TRP is also implicated in a 5-HT-dependent pathway affecting gut function (Modoux 

et al., 2021). Moreover microbially-derived TRP may be more prevalent in the human gut than 

previously thought (Williams et al., 2014), especially in patient populations whose gut 
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microbiome are dominated by Firmicutes, such as patients with IBS (Jeffery et al., 2012). The 

balance between microbial tryptophan synthesis and its metabolism (into TRP) determines 

local gastrointestinal and circulating tryptophan availability for the host. Altered tryptophan 

metabolism could have profound effects on the gut microbial composition and metabolism, as 

well as the host immune system (Gao et al., 2018). Reported gastrointestinal effects of TRP 

specifically include its well documented effects to increase intestinal motility (Bhattarai et al., 

2018, Roager and Licht, 2018, Williams et al., 2014, Wlodarska et al., 2015). Specifically, 

Williams et al. (2014) reported that TRP (at doses comparable to other microbially-derived 

metabolites) promoted colonic ion secretion, suggesting that TRP-mediated signalling could 

affect the transit of luminal contents. Also, Bhattarai et al. (2018) found that TRP accelerated 

gastrointestinal transit via activation of 5-HT4R and stimulated anion-dependent fluid secretion 

in the proximal colon in a humanized mouse model (Bhattarai et al., 2018). This influence of 

TRP on intestinal transit time makes it another interesting candidate for investigation in IBS, 

which often manifests as chronic diarrhoea or constipation. Moreover, activation of the same 

receptor (5-HT4R) stimulated mucus release from goblet cells, which was beneficial in 

preventing barrier disruption and decreasing disease activity in only female mice following 

induction of colitis (Bhattarai et al., 2020), highlighting sex-specific effects. Like other 

tryptophan metabolites, TRP can also act as a ligand for aryl hydrocarbon receptor which 

regulates intestinal immunity (Islam et al., 2017). Finally, TRP has also been reported to 

induce the release of 5-HT (Takaki et al., 1985), which may have additional implications of 

gastrointestinal motility (Gershon, 2013). Given the many similarities in effects of TRP and 

TYR, it may be relevant to investigate the potential for synergy between the two TAs, as a 

cumulative effect of the two TAs may exacerbate their individual effects on gut health. 

Nevertheless, although more research is clearly required in this context to more 

comprehensively elucidate the effects of TRP in the context of other tryptophan derivatives 

not assessed in the current study, rooibos treatment is again illustrated as having potentially 

modulatory effects of the gut. 

 

Finally, considering the female bias in conditions such as IBS and Crohn’s disease (Greuter 

et al., 2020, Kim and Kim, 2018), as well as in the common co-morbidity anxiety (Dubinsky et 

al., 2021, Hu et al., 2021), and the similarly central role of 5-HT-dependent mechanisms in 

symptomology of these conditions (Gershon, 2013, Jorandli et al., 2020), it is of interest to 

include the potential confounding/modulatory effect of female reproductive hormones in the 

current context. Although there were some exceptions, it is of relevance that E2 in general 

seemed to have a dampening effect on TA signalling. This fact alone suggests that females 

in particular may benefit from supplementation with the appropriate probiotic, or indeed a 

prebiotic such as rooibos. Overall, the effect of E2 on microbial TA production was relatively 
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insignificant in the presence of rooibos supplementation, which may be favourable in terms of 

designing a rooibos prebiotic supplementation strategy, as potential differences in TA load 

resulting from E2 fluctuations (i.e. menstrual cycles) will not be a significant confounder.   

 

In terms of limitations, we acknowledge that the use of microbial monocultures – although 

purposely chosen according to our specific aims – is not an accurate simulation of in vivo 

events, where changes in environment (e.g. pH) and presence of competing microbes and 

additional ingested nutrients, will likely also play important modulatory roles in terms of 

microbial TA secretion. In addition, the effect of secreted TAs, either locally or systemically, 

can only realistically be evaluated in an in vivo model. Nevertheless, current data suggest that 

the use of rooibos tea as a prebiotic in the context of various gastrointestinal diseases is 

probable for two main reasons. Firstly, both aqueous extracts of rooibos tea promoted the 

growth of known probiotic organisms. Hence, one potential mechanism of beneficial effect 

could be related to favourable modulation of the gut microbiota composition and/or activity, 

which has been demonstrated for other high phenolic content nutraceuticals (Ankolekar et al., 

2011, Milutinovic et al., 2021). Secondly, rooibos modulated the levels of microbially-derived 

TYR, PUT and TRP, which are all TAs that have significant effects in the GIT as discussed. 

In specific disease-contexts, these effects of rooibos may suggest beneficial outcome in terms 

of symptomology.  

 

4.6 Conclusion 

 

We have demonstrated that polyphenol content of rooibos tea extracts are highly dependent 

on method of preparation, with both harsher solvents and prior fermentation reducing the 

concentration and/or variety of polyphenols. Fermented rooibos promoted probiotic microbial 

growth most prominently. This suggests than habitual consumption of rooibos in this form may 

play a role in maintenance of gut microbiota populations. Green (unfermented) rooibos most 

significantly modulated microbial secretome TA content. While the aqueous green rooibos 

extract significantly improved microbial production of PUT – a gut protective TA – the ethanol 

extract did not. In contrast, the ethanol extract of green rooibos seemed to reduce secretome 

TA diversity most significantly, which may potentially facilitate its development into a disease-

specific phytomedicine. In addition, we have shown that rooibos extracts have the potential to 

largely prevent estradiol-associated fluctuations in TA profile and thus potentially 

symptomology of female predominant gastrointestinal conditions such as IBS and Crohn’s 

disease. Given the limitations of our model (isolated microbial culture) and the extreme 

complexity of chronic inflammatory disorders such as IBS, our results – although positive – 

remain to be interrogated in a physiologically relevant, in vivo model. Nevertheless, our data 
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comprehensively describe consistently beneficial effects of rooibos on microbial TA secretion 

profile. This suggests that rooibos may possess a prebiotic-like effect at the level of the gut. 

These positive data warrants mechanistic studies on whole extracts as well as selected active 

components, in the context of gastrointestinal health. 
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4.7 Supplementary materials 

 

q-TOF analyses 
Liquid Chromatography-Quadruple Time-of-Flight Tandem Mass Spectrometry (LC-MS/MS): 

Modified tea preparations (1 mg/mL GR and FR, 300 ug/mL GRE) were analysed on a liquid 

chromatography-quadrupole time-of-flight tandem MS instrument (Shimadzu LCMS-9030 

qTOF, Shimadzu Laboratory, Auckland Park Kingsway Campus). Chromatographic 

separation was performed on a Shim-pack Velox PFPP column (2.7 µm, 2.1 x 100 mm). The 

column temperature was maintained at 40°C. For all samples an injection volume of 10 µL 

was used and run using a binary mobile phase gradient which consisted of (A) 0.1% FA in 

Milli-Q water (HPLC grade) and (B) Methanol (HPLC grade). The flow rate was set to 0.4 

mL/min throughout the set 55 min run. The chromatographic effluents were further analysed 

utilizing the qTOF high-definition mass spectrometer. Data-independent acquisition was 

performed with a precursor ion range of m/z 100 to 1000, an isolation window width of 20 m/z, 

and a product ion range of m/z 100 to 1000 in both positive and negative electrospray 

ionisation modes.  

Data processing and metabolite annotation: 

Raw data obtained from the Shimadzu LCMS-9030 qTOF were converted to .mzML open 

access format and processed using MS-DIAL (version 4.80). Potential metabolite constituents 

were identified by matching the generated MS/MS spectra against freely available MSP 

libraries (Downloaded from: http://prime.psc.riken.jp/compms/msdial/main.html#MSP) for 

natural compounds (Fiehn/Vaniya natural product library, GNPS and ReSpect were used). 

Reference matches were exported to MS-FINDER (version 3.52) and compound annotation 

analyses (formula and structure) were performed. These data sets were exported to Microsoft 

Excel for further processing.  
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Supplementary results 
Supplementary Table 4.1: Potential metabolites present in all tea samples following q-TOF analyses. 

 

MS 1 count MS/MS count Precursor M/Z Precursor type MS 1 count MS/MS count Precursor M/Z Precursor type MS 1 count MS/MS count Precursor M/Z Precursor type

1 Quercetin
1091, 115
1195, 119

39, 39
30, 30

303.0491
303.0492

[M+H]+ 967, 106
1072, 121

22, 22
22, 22

303.049
303.0498

[M+H]+
997 24 303.0494 [M+H]+ C15H10O7 302.04265266 Flavonols

2 Avocadene 1-acetate 2056 16 327.2523 [M-H]- 2046 16 327.2529 [M-H]- 1369 27 327.2527 [M-H]- C19H36O4 328.259360024
Fatty Acyls (Long-chain 
fatty alcohols) 

3
Melibiose
Sucrose

188 89 365.1049 [M+Na]+ 161 67 365.1047 [M+Na]+ 146 28 365.1048 [M+Na]+ C12H22O11 342.116211524

Fatty Acyls (Fatty acyl 
glycosides of mono- and 
disaccharides)
Disaccharide 

4 Octocrylene 4369 105 362.2108 [M+H]+ 4394 109 362.2105 [M+H]+ 4288 99 362.211 [M+H]+ C24H27NO2 361.204179104 Diphenylmethanes

5 Citroside A
497
466

9
1

409.182
409.1822

[M+Na]+ 488
492

5
9

409.1825
409.1823

[M+Na]+
466 6 409.1826 [M+Na]+ C19H30O8

386.192567598
386.19406792
386.193035962

Terpene glycosides

6
2-acetoxy-4-pentadecylbenzoic acid
(Acetylsalicylic acid derivative)

5041 149 413.2655 [M+Na]+ 5068 159 413.2656 [M+Na]+ 4930 126 413.2656 [M+Na]+ C24H38O4 390.277009696 Benzoic acid esters

7
3-Genistein-8-C-glucoside
Isovitexin (Apigenin-6-C-glucoside)
Vitexin (Apigenin 8-C-glucoside)

387, 287, 340
310, 306
427
90, 74, 828
81, 118, 93

32, 19, 15
14, 21
53
67, 38, 67
41, 76, 41

431.0969
431.0968
431.0971
433.1121
433.1122

[M-H]-

[M+H]+

387, 287
306
427, 427
1002, 98
716, 828
791

32, 19
21
53, 53
23, 23
38, 67
41

431.0969
431.0968
431.0971
433.1119
433.1121
433.1122

[M-H]-

[M+H]+

340, 387, 287
306
1074
716
791, 1074, 894

15, 32, 19
21
24
38
41, 76, 41

431.0969
431.0968
455.094
433.1121
433.1122

[M-H]-

[M+H]+
C21H20O10

432.1038305
432.104614882
432.10564684

Isoflavone (Genistein)
Flavone (Isovitexin and 
Vitexin)

8
Quercitrin (Quercetin O-glycoside)
Orientin (Luteolin-8-C-glucoside)
Isoorientin (Luteolin-6-C-glucoside)

456
340, 456
408
491
942, 1072, 104
1092, 113

44
8, 72
10
200
154, 169, 169
13, 13

493.0971
447.0919
447.0918
447.0922
449.1071
449.1069

[M+FA-H]-
[M-H]-

[M+H]+

319, 353
333
92
786, 843, 
92
1106, 115

45, 8
33
15
79, 65, 65
16, 16

447.0917
447.0918
471.0886
449.1069
449.1071

[M-H]-

[M+Na]+
[M+H]+

323
348
326
740, 847, 90
90

6
31,
71,
66, 74, 74
27

447.0911
447.0919
447.092
449.1069
471.0888

[M-H]-

[M+H]+
[M+Na]+

C21H20O11

448.09805936
448.099061138
448.099213484
448.099396752
448.099529502
448.10056146

Flavonols (Quercitrin) 
Flavones (Orientin and 
Isoorientin) 

9 Diosmetol 7-glucoside
1311
139

14
14

463.1221 [M+H]+
1372
146

20
20

463.1229 [M+H]+ 137 11 463.1233 [M+H]+ C22H22O11
462.114395184
462.116211524

Flavones

10 Peonidin-3-glucoside 1311 14 463.1221 [M]+ 1372 20 463.1229 [M]+ 1279 11 463.1233 [M]+ C22H23O11
463.123004598
463.124036556

Anthocyanidins

11
Isoquercitrin (Quercetin 3-glucoside)
Hyperoside (Quercetin 3-galactoside)

351
374
1127
1116

11
13
24
18

463.0864
463.0867
465.1013
465.1015

[M-H]-

[M+H]+
317 4 463.0865 [M-H]-

325
325

4
10

463.0866
463.0865

[M-H]-
C21H20O12

464.09297398
464.09365974
464.094444122

Flavonols

12 Diosmin (diosmetin 7-O-rutinoside)
405
137

2
9

607.1646
609.1794

[M-H]-
[M+H]+

449 2 607.1637 [M-H]- 137 8 609.1808 [M+H]+ C28H32O15

608.17114341
608.171618224
608.172056408
608.174120324

Flavones

13
Rutin (Quercetin 3-rutinoside)
Quercetin 3-O-robinobioside
Panasenoside

385
433
1127
1181, 94, 120
119
115

30
24
15
11, 4, 11
23
38

609.1443
609.1442
611.1594
611.16
633.1411
633.1415

[M-H]-

[M+H]+

[M+Na]+

322
337
1067
96
967, 106
106
117

5
9
10
4
6, 6
7
10

609.144
609.1444
611.1591
611.1595
611.1599
633.1409
633.1418

[M-H]-

[M+H]+

[M+Na]+

313
320
102
102
99

9
9
3
11
7

609.1442
609.1443
611.1603
633.1415
633.1429

[M-H]-

[M+H]+
[M+Na]+

C27H30O16

610.15101553
610.151320964
610.151504232
610.151884558
610.152036904
610.152061376
610.152125684
610.152352922
610.15338488

Flavone/flavonol glycosides 
(Quercetin 3-
rutinoside/Quercetin 3-O-
robinobioside)
Panasenoside (Flavonoid 
glycosides)

14

Delphinidin-3-O-(6''-O-alpha-
rhamnopyranosyl-beta-
glucopyranoside)
Cyanidin-3, 5-di-O-glucoside

433
385

24
30

609.1442
609.1443

[M-2H]- 313
320

9
9

609.1442
609.1443

[M-2H]- 337
896

9
4

609.1444
611.1595

[M-2H]-
[M]+

C27H30O16
611.159329264
611.15970959
611.160177954

Anthocyanidins

Theoretical mass OntologyMetabolite Title 
Green rooibos Green rooibos extract Fermented rooibos

Formula
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Supplementary Table 4.2: Potential metabolites present in green rooibos and green rooibos extract following q-TOF analyses. 

 
 
Supplementary Table 4.3: Potential metabolites present in green and fermented rooibos following q-TOF analyses. 

 
 
 
 
 
 
 
 
 

MS 1 count MS/MS count Precursor M/Z Precursor type MS 1 count MS/MS count Precursor M/Z Precursor type
15 Syringin 61 27 395.1304 [M+Na]+ 54 16 395.1303 [M+Na]+ C17H24O9 372.142032348 Phenolic glycosides

16
5a,6a-Epoxy-7E-megastigmene-3b,9e-
diol 9-glucoside

569 6 411.1981 [M+Na]+ 535 6 411.1982 [M+Na]+ C19H32O8 388.209717984

Fatty Acyls (Fatty 
acyl glycosides of 
mono- and 
disaccharides)
Disaccharide 

17 Isolariciresinol 9'-O-beta-D-glucoside 103 11 545.1985 [M+Na]+ 89 10 545.1989 [M+Na]+ C26H34O11 522.210111908 Lignan glycosides

OntologyMetabolite Title Green rooibos Green rooibos extract Formula Theoretical mass

MS 1 count MS/MS count Precursor M/Z Precursor type MS 1 count MS/MS count Precursor M/Z Precursor type

18 Adenosine 808
85

39
39 268.1036 [M+H]+ 604

69
15
15 268.1033 [M+H]+ C10H13N5O4 267.096753896 Purine nucleosides

19
Cocamidopropyl Betaine
methyl (2S)-6-amino-2-
(dodecanoylamino)hexanoate

2402
60

51
6

343.2948
365.1195

[M+H]+
[M+Na]+ 2331 53 343.295 [M+H]+ C19H38N2O3

C14H22N4O3
342.129967342
342.288243076

Fatty acid amide 
(Cocamidopropyl Betaine)
N-acyl-alpha amino acids 
and derivatives? 

20 4-Caffeoylquinic acid? 523, 68 7, 7 355.1012 [M+H]+ 194 7 353.0861 [M-H]- C16H18O9 354.092580056
354.094050198  (Cinnamate ester)

21
Apiin (Apigenin-7-apioglucoside)
Isovitexin 2''-O-arabinoside
Schaftoside

294
102
95
88

10
18
44
47

563.1388
565.1539
565.1542
565.1543

[M-H]-
[M+H]+ 86

89
9
12

565.155
565.1547 [M+H]+ C26H28O14

564.146024928
564.146958264
564.147905576

Flavones

Formula Theoretical mass OntologyMetabolite Title Green rooibos Fermented rooibos
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Supplementary Table 4.4: Potential metabolites only present in green rooibos following q-TOF analyses. 

  

MS 1 count MS/MS count Precursor M/Z Precursor type

22 Adenine
126
85

20
13

136.0611
136.0612

[M+H]+ C5H5N5 135.05449516 6-aminopurines

23
Trigonelline
Anthranilic acid

1440 28 138.0543 [M+H]+ C7H7NO2 137.047678464
Alkaloids and derivatives (Trigonelline)
Aminobenzoic acids

24 Citric acid 621 6 191.0189 [M-H]- C6H8O7 192.027002596 Tricarboxylic acids and derivatives
25 L-Tryptophan 63 40 205.0965 [M+H]+ C11H12N2O2 204.089877624 Indolyl carboxylic acids and derivatives

26 Cordycepin (3'-deoxyadenosine) 70 18 252.1082 [M+H]+ C10H13N5O3 251.100501884 Purine nucleosides

27 Guanosine 393 7 282.0833 [M-H]- C10H13N5O5 283.090331124 Purine nucleosides

28 Epicatechin
439
462, 61

15
26, 26

291.0854
291.0855

[M+H]+
C15H14O6 290.079038168 Flavanols

29 trans-o-Coumaric acid 2-glucoside

263
66
77
63

5
21
14
17

325.0917
344.1332
344.133
344.1334

[M-H]-
[M+NH4]+

C15H18O8
326.099135578
326.100167536

Hydroxycinnamic acids

30 3-p-coumaroylquinic acid
223
241
499

5
6
7

337.0913
337.0917
339.1063

[M-H]-

[M+H]+
C16H18O8 338.099135578 Cinnamate ester 

31 Guanosine cyclic monophosphate 141 25 346.0537 [M+H]+ C10H12N5O7P 345.046096962 Cyclic nucleotide

32 Icariside F2 492 2 425.1411 [M+Na]+  C18H26O10 402.151432324 Glycosyloxyflavone

33 Phenylethyl primeveroside
498, 54
447, 64
507

10, 10
3, 3
9

439.1557
439.1564
439.1568

[M+Na]+
C19H28O10
C13H29N4O9P

416.166366448
416.167215138
416.168247096

O-glycosyl compounds

34 Betavulgarin 2'-glucoside
103
118

9
185

475.1203
475.1209

[M+H]+ C23H22O11
474.113057792
474.113709424

Isoflavone

35 Maltotriose 188 96 527.1572 [M+Na]+ C18H32O16 504.167870236 Trisaccharide

36

Kaempferol-3-O-rutinoside (Nicotiflorin)
Kaempferol-3-O-glucoside-7-O-rhamnoside 
(Astragalin 7-rhamnoside)
Vicenin 2 (Isovitexin derivative)

365
293
364
372
751
130

2
16
4
3
66
4

593.1482
593.1494
593.1498
593.1504
595.1647
595.1662

[M-H]-

[M+H]+

C27H30O15

594.155557654
594.15665392
594.156969938
594.157305552
594.15847026

Flavanols/Flavones

37
Kaempferol-3-O-(6'''-trans-p-coumaroyl-2''-
glucosyl)rhamnoside

99
55
89
110

7
2
3
3

763.1821
763.1824
763.1825
763.1831

[M+Na]+

C36H36O17
740.192839578
740.193382834
740.193807228

Cinnamate ester & Glycosyloxyflavone

Metabolite Title Green rooibos Formula Theoretical mass Ontology
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Supplementary Table 4.5: Potential metabolites only present in green rooibos extract following q-TOF analyses. 

 
 
Supplementary Table 4.6: Potential metabolites only present in fermented rooibos following q-TOF analyses. 

 
 

 

MS 1 count MS/MS count Precursor M/Z Precursor type
38 Salicylic acid 190 1 137.0234 [M-H]- C7H6O3 138.12  Benzoic acid 

39
Oxythiamine disulfide 
monosulfoxide

76 1 603.1667 [M+Na]+ C24H32N6O7S2 580.177389364 Thiazoles

Metabolite Title Green rooibos extract Formula Theoretical mass Ontology

MS 1 count MS/MS count Precursor M/Z Precursor type

41
Gentisic acid (2,5-Dihydroxybenzoic acid)
Pyrocatechuic acid (2,3-Dihydroxybenzoic acid)

207 2 153.0183 [M-H]- C7H6O4 154.12 Hydrobenzoic acids

42 Diosmetin 602 2 299.0546 [M-H]- C16H12O6 300.062356146 Flavone
43 Astilbin 555, 602 45, 50 451.1225 [M+H]+ C21H22O11 450.116211524 Flavanone

44
3b,6a-Dihydroxy-alpha-ionol 9-[apiosyl-(1->6)-glucoside]
7,8-Dihydrovomifoliol 9-[apiosyl-(1->6)-glucoside]

485
588

4
4

543.2413
543.2416

[M+Na]+ C24H40O12 520.25197672
Fatty Acyls (Fatty acyl glycosides 
of mono- and disaccharides)

Metabolite Title Fermented rooibos Formula Theoretical mass Ontology
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Supplementary Figure 4.1: Chromatograms of different rooibos preparations following q-TOF 
analyses targeting phenolic compounds.

Fermented rooibos

Time
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00

%

0

CarineSmith_Rooibos_17 1: TOF MS ES- 
BPI

1.24e4
16.10

447.098
14.91

449.110

14.37
449.104

10.42
205.072

8.62
255.0511.62

165.040

1.30
158.983

5.51
613.1401.89

221.028
5.47

613.137
5.18

429.159

1.91
221.030

5.68
161.045

6.74
243.049

10.35
339.072

9.38
357.083

14.33
449.107

10.67
243.051

12.04
611.156

13.38
609.147

17.48
609.146

17.50
609.147

19.64
469.136

18.07
431.099

22.16
361.164

22.13
361.167

21.08
551.219

22.19
361.166

22.92
329.142

C) Fermented rooibos

Rooibos extract

Time
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00

%

0

CarineSmith_Rooibos_18 1: TOF MS ES- 
BPI

2.54e4
16.97

451.122

16.05
325.094

8.64
255.050

1.64
165.046

1.62
165.045

1.24
158.984

2.43
173.051

8.25
383.154

7.76
341.0873.88

203.024
5.13

429.158
6.71;369.141

10.43
205.072 11.04

341.087 12.82
325.092 14.51

593.150

17.48
609.142

17.76
431.096 19.38

435.124
19.37

435.127
19.64

469.132 23.01
521.16620.92

433.112

A) Green rooibos extract

Green tea 10x dil

Time
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00

%

0

CarineSmith_Rooibos_19 1: TOF MS ES- 
BPI

2.39e4
16.84

451.117

16.02
447.085

1.76
341.112

12.97
465.0963.21

191.022 10.20
243.049

8.80
357.069

7.89
255.048

15.90
325.092

19.27
435.123

17.88
431.097

B) Green rooibos (10x diluted)
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Chapter 5 
 

Aspalathus linearis (rooibos) and agmatine may act synergistically 
to beneficially modulate intestinal tight junction integrity and 
inflammatory profile 
 

This chapter has been published in a special issue; “Recent Advances in Natural Products 

Discoveries for Antioxidants: Pharmacology and Mechanisms” in the Journal of 

Pharmaceuticals (Impact Factor: 5.215). 

 

Citation reference: Pretorius, L., Smith, C. (2022) Aspalathus linearis (Rooibos) and Agmatine 

May Act Synergistically to Beneficially Modulate Intestinal Tight Junction Integrity and 

Inflammatory Profile. Pharmaceuticals, 15:1097-1113. 

 

5.1 Abstract 
 

Introduction: 
In order to promote gastrointestinal health, significant increases in the prevalence of 
gastrointestinal disorders should be paralleled by similar surges in therapeutics research. 
Nutraceutical interventions may play a significant role in patient management. The current 
study aimed to determine the potential of Aspalathus linearis (rooibos) to prevent 
gastrointestinal dysregulation resulting from high dose trace amine (TA) exposure. 
Considering the substantial female bias in functional gastrointestinal disorders, and the 
suggested phytoestrogenicity of rooibos, the study design allowed for a comparison between 
effects of an ethanol extract of green rooibos and 17b-estradiol (E2).  
Methods: 
The effect of rooibos and E2 pre-treatment on tight junction protein (TJP); occludin and ZO-1) 
dynamics were investigated in TA treated (HT-29) colon epithelial monolayers. In addition, 
prostaglandin E2 (PGE2) and cytokine analyses were performed on culture supernatants. 
Results: 
High levels of r-tyramine (TYR) and agmatine (AGM), but not b-phenethylamine (PEA) or 
tryptamine (TRP), resulted in PGE2 hypersecretion, increased TJP secretion and (dissimilarly) 
disrupted TJP cellular distribution profile. Modulating benefits of rooibos and E2 were TA-
specific. Rooibos pre-treatment generally reduced IL-8 secretion across all TA conditions and 
prevented PGE2 hypersecretion after exposure to both TYR and AGM, but was only able to 
normalise TJP levels and distribution profile in AGM-exposed cells. In contrast, E2 pre-
treatment prevented only TYR-associated PGE2 hypersecretion and TJP dysregulation.  
Conclusion: 
Together, data suggest that antioxidant and anti-inflammatory effects of rooibos, rather than 
phytoestrogenicity, affected benefits illustrated for rooibos.  
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5.2 Introduction 
 

Functional gastrointestinal disorders (FGIDs) are highly prevalent (approximately 40% of the 

global population) conditions that considerably reduce quality of life, placing enormous 

economic burdens on healthcare systems worldwide (Canavan et al., 2014b, Tack et al., 2019, 

Sperber et al., 2021). Of importance, many FGIDs have reported female predominance 

(Avramidou et al., 2018, Chatila et al., 2017, Heitkemper and Jarrett, 2008, Mulak et al., 2014), 

suggesting a potential estrogen-driven vulnerability to gastrointestinal disturbances. Current 

therapeutic strategies (including drug and biological treatments) are not yet addressing this 

aspect and have been associated with adverse systemic effects such as adverse 

cardiovascular events (Tack et al., 2012, Wilkins et al., 2012), which may exacerbate patient 

discomfort. As such, the use of functional foods/nutraceuticals is gaining research interest to 

promote gastrointestinal health while minimising adverse effects (Elmaliklis et al., 2019, 

Luvian-Morales et al., 2021, Lyu et al., 2017, Mijan and Lim, 2018, Shimizu, 2012, Wan et al., 

2019, Yanni and Kourkoutas, 2021).  

 

Of particular interest to the current study context, rooibos herbal tea (brewed from 

unfermented or fermented Aspalathus linearis), is a widely consumed traditional South African 

tisane that has already been suggested as a functional food (Abdul and Marnewick, 2021, 

Smith and Swart, 2018) due to its substantial and unique blend of bioactive polyphenols which 

have been linked to potent antioxidant actions (Bond and Derbyshire, 2020, Hoosen, 2019, 

Villaño et al., 2010). In terms of promoting gut health specifically, scant literature suggests 

beneficial actions (anti-inflammatory, anti-nociceptive, anti-spasmodic) of several bioactive 

constituents of rooibos, such as iso-orientin (Cheng et al., 2020, Küpeli et al., 2004), quercetin 

(Lin et al., 2019, Qin et al., 2019, Shi et al., 2020, Sun et al., 2020, Zou et al., 2016), 

chrysoeriol, orientin, vitexin and rutin (Gilani et al., 2006) in various in vitro and in vivo models, 

which could potentially reduce FGIDs symptomology. We have recently expanded on this 

body of literature by demonstrating that rooibos – in a manner very dependent on 

extraction/processing – beneficially modulated the secretory profile of gut microbes (Pretorius 

et al., 2022a). In the same study, 17b-estradiol (E2)-associated changes in microbial secretory 

function were largely negated by rooibos, suggesting that rooibos supplementation may 

stabilize gut signalling profile in females, which may aid patient management. Related to this, 

a moderate phytoestrogenicity has been reported for rooibos (Monsees and Opuwari, 2017, 

Shimamura et al., 2006, Sirotkin, 2021), which makes it an interesting candidate nutraceutical 

for investigation in female predominant disorders, such as irritable bowel syndrome.  
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According to Wan et al (2019), two crucial factors determine gut health, namely the gut 

microbiota and the intestinal epithelial barrier. Indeed, in line with our current hypothesis of 

trace aminergic involvement in exaggeration of gastrointestinal symptomology (Pretorius and 

Smith, 2020), we have recently demonstrated the deleterious effects of high trace amine (TA) 

load on intestinal epithelial tight junction proteins (TJPs) and inflammatory status (Pretorius et 

al., 2022b). In this regard, we propose that the known poor absorption and low systemic 

bioavailability of rooibos and some of its polyphenolic constituents (Breiter et al., 2011, Kreuz 

et al., 2008, Stalmach et al., 2009) may not be a significant limitation if beneficial modulation 

of rooibos occurs directly at an intestinal epithelial level. In support of this notion, a recent 

review suggested that dietary polyphenols can be metabolised by gut microbes, which could 

exert beneficial effects toward the gut epithelium, as well as systemically (Luca et al., 2020). 

In terms of intestinal barrier integrity and intestinal inflammation, protective effects of 

flavonoids have been described in several studies utilising both in vitro and in vivo models (De 

Santis et al., 2015, Gil-Cardoso et al., 2016, Mijan and Lim, 2018, Uyanga et al., 2021), 

suggesting nutraceutical interventions may ameliorate gastrointestinal dysfunction and 

inflammation, which underpins many gastrointestinal conditions. However, to the best of our 

knowledge, no studies have investigated the effects of rooibos on intestinal cells. 

 

As such, to determine the potential of rooibos to promote gut health, this study aimed to 

investigate the use of a selected (refer to supplemental material) rooibos preparation (ethanol 

extract of green rooibos; GRE) as pre-treatment to protect against TA-induced TJP disruption, 

with concurrent inflammatory status assessments in colon adenocarcinoma (HT-29) cells. To 

enable probing potential phytoestrogenicity of rooibos, a parallel experiment using E2 pre-

treatment instead of rooibos was also included.  

 

5.3 Methods and materials  
 

5.3.1 Rooibos preparation  
An ethanol extract from unfermented (green) rooibos leaves (GRE) was kindly donated by Mr 

Roy van Brummelen (Van Brummelen Consultants, Pretoria, South Africa). A profile of the 

major constituents of the extract is presented in the supplementary material (Supp. Fig. 1). 

This extract was reconstituted in DMSO and diluted in cell culture media to final experimental 

concentration of 100 µg/mL.  
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5.3.2 Cell culture maintenance 
Colon adenocarcinoma (HT-29) cells were kindly donated by Dr Tanya Davis. For general 

maintenance cells were cultured in 5 mM D-galactose supplemented glucose free RPMI 

(Gibco, 11879-020) culture medium to facilitate differentiation. Culture media was additionally 

supplemented with 10% heat inactivated, gamma irradiated fetal bovine serum (FBS) 

(Biowest, S181Y-500) and 1% PenStrep. Cells were sub-cultured with 1x trypsin and 

maintained in a humidified incubator at 5% CO2 at 37°C. All experiments were done in triplicate 

and repeated at least three times. In addition, to optimize GRE dosage cell viability utilizing 

the WST-1 assay was performed (Supp. Fig. 2).  

 

5.3.3 Tight junction protein immunofluorescent staining  
In order to investigate the ability of GRE to mediate gut health, HT-29 cells were exposed to 

TA doses previously demonstrated to detrimentally affect TJP profile (Pretorius et al., 2022b). 

Briefly, HT-29 cells were seeded at 1.5x105 cells/well (24-well plate) onto sterilized 12 mm 

round glass coverslips, which were previously coated with ECL cell attachment matrix (Merck, 

08-110) and refreshed every other day. After 8 days of culturing, cell monolayers were pre-

treated with either 100 µg/mL GRE, 1 nM E2, or a media vehicle (control). After 24 hrs of pre-

treatment, the cell monolayers were treated with fresh media containing 200 µg/mL TA (b-

phenethylamine (PEA), or tryptamine (TRP), or r-tyramine (TYR), or agmatine (AGM)) or 

media vehicle (control) in the presence or absence of GRE (100 µg/mL) or E2 (1 nM) for an 

additional 24 hrs. The supernatants were collected for additional analyses, after which the cell 

monolayers were washed once with PBS. Monolayers were fixed (ice cold 4% PFA and 50% 

MeOH solution) for 15 min at - 20°C, washed again with S-PBS (0.1% saponin in PBS), and 

blocked (20% FBS and 5% donkey serum in S-PBS) for 1 hr at room temperature. Overnight 

primary antibody incubations at 4°C followed, utilising the primary antibodies: 1:250 mouse 

anti-ZO-1 (Invitrogen, 33-9100) and 1:250 rabbit anti-occludin (Novus Biologicals, NBP1-

87402) in blocking buffer. Next, the monolayers were washed 3x with S-PBS, prior to 

incubation with secondary antibodies: 1:250 Alexa Fluor 488 donkey anti-mouse (Invitrogen, 

A-21202) and Alexa Fluor 594 donkey anti-rabbit (Invitrogen, A-21207) in blocking buffer for 

1 hr at room temperature. Finally, the monolayers were incubated with Hoechst (ThermoFisher 

Scientific, 33342) for 20 min before undergoing 4x washes with PBS. The glass coverslips 

were then mounted onto microscope slides with Dako Fluorescent Mounting media 

(Diagnostech, S3023). Fluorescently stained cell monolayers were imaged with the Carl Zeiss 

Confocal LSM 780 Elyra PS1 using the 60x oil-immersion objective. Respective Z-stack (10 

slices) images were captured, and maximum intensity projections were analysed for co-

localisation of ZO-1 and occludin utilizing Zeiss ZEN imaging software.  
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5.3.4 Supernatant analyses 
Cell culture supernatant prostaglandin E2 (PGE2) concentrations were assayed using a 

commercially available enzyme-linked immunosorbent assay (ELISA) kit (E-EL-0034, 

Elabscience), following the manufacturer’s guideline protocol. In addition, supernatants were 

analysed for IFN-g, IL-1b, IL-6, IL-8, IL-10 and TNFa using a Human Magnetic Luminex 

Screening Assay (LXSAHM-06, R&D Systems), following the manufacturer’s guideline 

protocol. 

 

5.3.5 Statistical analyses 
All experiments were conducted in triplicate and repeated at least three times. Triplicate 

values were averaged to yield a final n=3 for all data points presented. Statistical analyses of 

all data were completed utilizing GraphPad Prism Version 9.1.2 (www.graphpad.com, San 

Diego, CA). TJP data are represented qualitatively as representative images, as well as 

quantitatively as mean ± standard error of mean (SEM), while PGE2 and cytokine data are 

represented as means ± standard deviation (SD). Statistical analyses entailed 2-way ANOVAs 

with Tukey’s multiple comparison tests for TJP, PGE2 and cytokine data. A p-value of < 0.05 

was considered statistically significant.  

 

5.4 Results 
 

5.4.1 Rooibos and estradiol have differential protective effects on tight junction 
integrity following trace amine exposure 
TJP (occludin and zona occludens-1 (ZO-1)) levels and distribution profiles were assessed in 

HT-29 colon adenocarcinoma monolayers as an indication of gut barrier epithelial integrity. 

These data are represented both quantitatively (Fig. 5.1) and qualitatively (Fig. 5.2). In terms 

of conditioning of cells with either E2 or GRE, in the absence of TA-exposure, both treatments 

maintained – if not enhanced – normal cellular morphology, although no changes in total ZO-

1 expression was evident (Fig. 5.1). More specifically, E2 seemed to have a beneficial 

modulatory effect on cell size and shape, resulting in a more uniformly sized cell monolayer 

(Fig. 5.2F), while GRE treatment reduced occludin signal significantly (Fig. 5.2K) compared to 

control conditions (p<0.05; Fig. 5.1).  
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Figure 5.1: Effects of green rooibos extract (GRE) and 17b-estradiol (E2) on the percentage of relative 
area of imaged HT-29 cell monolayer that stained positive for tight junction proteins occludin (A to D) 
and ZO-1 (E to H) following selected TA-exposure (200 ng/mL): (A, E) b-phenethylamine (PEA), (B, F) 
tryptamine (TRP), (C, G) r-tyramine (TYR), and (D, H) agmatine (AGM). Data are represented at mean 
(% of total imaged area) ± SEM. Statistical analysis: 2-way ANOVAs with Tukey’s multiple comparison 
tests: * = p <0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 
 

In the presence of TAs and without pre-treatment (control), TJPs were differentially disrupted 

(clustered or dispersed and irregularly localised) and cellular morphology was altered to 

varying degrees by all TA included. Exposure to PEA and TRP seemed the least detrimental, 
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while AGM exposure induced the most significant damage to monolayer integrity (Fig. 5.2E). 

Although PEA treatment did not alter TJP levels significantly (Fig. 5.1A, E), qualitatively a mild 

intracellular redistribution of occludin, as well as larger areas without ZO-1 expression, was 

observed (Fig. 5.2B). TRP treatment only altered cellular morphology slightly (Fig. 5.2C), 

despite significantly increased total ZO-1 expression levels (Fig. 5.1F; p<0.01 vs control). In 

contrast, TYR treatment significantly increased occludin (Fig. 5.1C; p<0.01) most of all TAs 

assessed. This ≈ 20 % increase was associated with significant internalisation and clustering 

of occludin (Fig. 5.2D). TYR treatment also significantly increased ZO-1 expression (Fig. 5.1G; 

p<0.0001), which appeared less organised than control. AGM treatment prominently 

increased total occludin (Fig. 5.1D; p<0.05) and ZO-1 expression levels (Fig. 5.1H; p<0.05). 

Notably, AGM treatment clustered TJPs intensely at membrane junctions in areas of intact 

monolayer – evidenced by the intense yellow signal in some, but not all cells (Fig. 5.2E) – but 

also resulted in interspersed areas where TJP disruption is evident. These different outcomes 

for TYR and AGM in terms of TJP profile, highlights the importance of assessing both 

expression levels (Fig. 5.1) and cellular distribution profiles (Fig. 5.2) of TJPs.  

 

Moreover, the effects of E2 pre-treatment on the cellular response to TA-exposure was 

variable. In the context of PEA and TRP treatment, the presence of E2 significantly increased 

occludin (Fig. 5.1A, B) and to a lesser extent ZO-1 expression (Fig. 5.1E, F). These results 

are reflected in the respective representative images which depict increased occludin 

clustering and internalization (Fig. 5.2G) and higher levels of ZO-1 signal (Fig 5.2H). Markedly, 

following TYR treatment, E2 pre-treated monolayers had normalised occludin and ZO-1 levels 

(Fig. 5.1C, G). Indeed, the E2 and TYR group had significantly lower occludin than both other 

TYR groups (p<0.0001 for both), which translated to regular TJP distribution and localization 

(Fig. 5.2I), resembling a control profile. In terms of AGM, no obvious E2 effect was apparent.  

 

Turning attention to rooibos, despite the significant dampening effect of GRE pre-treatment 

on occludin levels in the absence of TAs, GRE pre-treatment was unable to prevent the 

occludin response to TA exposure, with the exception of the response to AGM exposure, 

which was significantly inhibited (Fig. 5.1D). In this context, cellular morphology was generally 

maintained, and TJP distribution was visually similar to control cells in the absence of TA 

treatment (Fig. 5.2O). Regarding PEA, TRP and TYR treatment, GRE pre-treatment had no 

effect on absolute TJP levels, however, cellular morphology in the combination TYR group 

appeared somewhat modulated (Fig. 5.2N). Taken together, both E2 and GRE pre-treatment 

had very specific effects, which suggest complex, yet different mechanisms of actions.

Stellenbosch University https://scholar.sun.ac.za



 112 

 
 

Figure 5.2: Representative fluorescent micrographs showing the effects of trace amines (TA), green rooibos extract (GRE), 17b-estradiol (E2) and combined 
treatments on tight junction proteins in HT-29 cell monolayers. Green signal = ZO-1, red signal = occludin, yellow signal = colocalized ZO-1 and occludin signal, 
and blue signal = Hoechst. All fluorescent images are maximum intensity projections of acquired z-stacks, imaged using the 60 x oil immersion objective. Scale 
bar = 10 µm. Abbreviations: PEA: b-phenethylamine, TRP: tryptamine, TYR: r-tyramine, AGM: agmatine.
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5.3.2 Rooibos and estradiol differentially modulate prostaglandin E2 secretion 

following trace amine-exposure 

In terms of assessment of inflammatory profile, prostaglandin E2 (PGE2) and inflammatory 

cytokine levels were determined. In the absence of TA-exposure, neither E2 or GRE pre-

treatment affected PGE2 secretion by HT-29 cells (Fig. 5.3). Similar to the TJP data, PEA and 

TRP exposure did not result in increased PGE2 secretion, with no apparent effect of either E2 

or GRE pre-treatment in this context (Fig. 5.3A, B). In contrast, TYR-exposure under control 

conditions, increased PGE2 levels significantly (p<0.01 vs control, Fig. 5.3C). Both E2 and 

GRE prevented this increase, maintaining PGE2 at baseline levels. However, while this 

modulatory effect on TYR-induced PGE2 secretion was mediated by both E2 and GRE, from 

representative micrographs of these cell monolayers, only the effects from E2 seemed to 

translate into a more beneficial outcome in terms of maintenance of TJP integrity and cellular 

morphology (Fig. 5.2I). Lastly, in response to AGM exposure, a significant but mild PGE2 

response was only evident in the presence of E2, while GRE significantly reduced PGE2 

response vs the no pre-treatment AGM-exposed condition (Fig. 5.3D; p<0.05). 

 

 
 

Figure 5.3: Effects of green rooibos extract (GRE) and 17b-estradiol (E2) on the concentration of 

prostaglandin E2 (PGE2) secreted by HT-29 cell monolayers following selected TA-exposure (200 

ng/mL): (A) b-phenethylamine (PEA), (B) tryptamine (TRP), (C) r-tyramine (TYR), and (D) agmatine 

(AGM). Data are represented at mean ± SD, n=3. Statistical analysis: 2-way ANOVAs with Tukey’s 

multiple comparison tests: * = p <0.05, ** = p <0.01, *** = p < 0.001. 
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5.4.3 Rooibos, but not estradiol, differentially modulates IL-8 secretion following trace 

amine-exposure 

In terms of cytokine secretion, the overall cellular cytokine response was quite low, with only 

IL-8 secreted at detectable levels (Fig. 5.4). All TAs employed seemed to reduce the IL-8 

response, although not reaching statistical significance for TRP. In the absence of TA 

treatment, GRE pre-treatment reduced the IL-8, while in the presence of PEA and TYR, TAs 

enhanced this effect. In contrast, E2 pre-treatment did not seem to have an effect on IL-8 

release, suggesting that E2 and GRE are independent role players in this context.  

 

 
 

Figure 5.4: Effects of green rooibos extract (GRE) and estradiol (E2) on the concentration of interleukin-

8 (IL-8) secreted by HT-29 cell monolayers following selected TA-exposure (200 ng/mL): (A) b-

phenethylamine (PEA), (B) tryptamine (TRP), (C) r-tyramine (TYR), and (D) agmatine (AGM). The data 

are represented at mean ± SD, n=3. Statistical analysis: 2-way ANOVAs with Tukey’s multiple 

comparison tests: * = p <0.05, ** = p <0.01, *** = p < 0.001, **** = p < 0.0001.  
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5.5 Discussion  
 

Gastrointestinal epithelia are exposed to numerous exogenous (dietary, microbial and 

medicinal) metabolites/compounds and endogenous stimuli (inflammatory, hormonal and 

neural), which can influence gastrointestinal homeostasis. For the epithelial cells to both 

absorb necessary nutrients as well as prevent the entry of potentially harmful microbes or 

dietary antigens, dynamic regulation of intestinal barrier permeability is crucial. In this context, 

polyphenol-rich nutraceuticals have seen a dramatic increase in their use as dietary 

supplements. This is likely due to their widely reported protection against oxidative damage 

and inflammation, and beneficial modulation of intestinal barrier integrity (Bernardi et al., 2020, 

De Santis et al., 2015, Gil-Cardoso et al., 2016, Mijan and Lim, 2018, Samodien et al., 2021, 

Uyanga et al., 2021), which supports a role for them in management of chronic inflammatory 

conditions associated with increased intestinal permeability.  

 

Current data yielded the following main novel findings: i) pre-treatment of HT-29 cells with E2 

or GRE both improved cellular ultrastructure, albeit differently ii) exposure to TAs generally 

suppressed the inflammatory response in terms of inflammatory cytokine (IL-8) secretion, 

although TYR (and to a lesser degree AGM) elicited a significant PGE2 response, which was 

associated with increased total levels of and altered TJP distribution, iii) E2 pre-treatment 

prevented the PGE2 response to TYR only, normalising TJP levels and distribution, while iv) 

GRE prevented TA-induced PGE2 and IL-8 secretion in both TYR and AGM, but was only 

able to normalise TJP levels and distribution profile for AGM.  

 

Current data illustrate that pre-treatment with both E2 and GRE improved HT-29 monolayer 

morphology, which adds to literature reporting known beneficial modulation of tight junction 

barriers in this context. In the context of E2, this outcome was potentially mediated by estrogen 

receptor (ER)-b and/or G protein-coupled ER 1 (GPER) interactions – both of which have been 

reported in HT-29 cells (Bustos et al., 2017, Jacenik et al., 2019, Wada-Hiraike et al., 2006). 

This interpretation is in line with literature describing destabilization of cellular integrity and 

cytoarchitecture as a feature of ERb-/- mice (Wada-Hiraike et al., 2006), suggesting that 

activation of ERb by E2 promoted uniform cellular architecture. This notion also aligns with 

exaggerated gastrointestinal symptomology during menses, when E2 levels are at their lowest 

(Kim and Kim, 2018). In the context of rooibos, however, literature regarding its effects on 

TJPs are sparse and usually in the context of blood-brain-barrier (BBB) assessments. To our 

knowledge, the results demonstrated in this study are the first to inform on the potential of 

rooibos to beneficially modulate colonic TJPs following TA (AGM specifically) exposure. 

Stellenbosch University https://scholar.sun.ac.za



 116 

According to literature, long-term consumption of fermented rooibos tea was found to protect 

against BBB disruption and brain oedema following ischemic injury in rats (Akinrinmade et al., 

2017). Similarly, Fisher et al. (2020) reported protective effects of an aspalathin rich rooibos 

tincture in an in vitro BBB model. Notably this study utilised bEnd5 cells, which do not express 

the TJP occludin (Fisher et al., 2020). In our study, an ethanol extract of green rooibos 

decreased total occludin signal significantly under baseline conditions (absence of TA 

treatment), which in the context of the report from Fisher et al (2020), suggests more than one 

potential mechanism of action for rooibos-related beneficial modulation of tight junction 

barriers. Importantly, this downregulation of total absolute occludin expression levels did not 

compromise cellular integrity or morphology. A potential explanation for this finding is related 

to rooibos uptake and transport in the gut. In this regard, it has been strongly suggested that 

aspalathin – the major constituent of GRE used – is potentially transported paracellularly 

(Bowles et al., 2017), motivating that the decrease in occludin observed may be due to an 

enhancement of paracellular transport in this context, although this requires more thorough 

investigations to elucidate the actual mechanism at play. 

 

In terms of TA-induced effects on inflammatory status, although the levels of PGE2 – as a 

prominent prostanoid – seemed to associate with changes in TJP status induced by TA-

exposure (specifically TYR and AGM) in this study, cytokine analyses revealed a relatively 

suppressed IL-8 response following TA treatment across the board. This seeming 

contradiction to the increased PGE2 levels is in line with literature though. For example, 

according to Kelly et al (2015), a feed-forward cycle between gut barrier dysfunction and 

inflammatory processes exists. In this context, authors suggested that an increase in gut 

permeability, which is generally associated with TJP disruption, could precede mucosal 

inflammation to stimulate an inflammatory response (Kelly et al., 2015). Also, increases in 

PGE2 generally precede increases in IL-8 levels (Srivastava et al., 2012). Once produced 

from membrane phospholipids, PGE2 is secreted, either via passive diffusion or active 

transport to exert para- or autocrine effects – which may explain the higher PGE2 levels 

observed.  

 

Current data implicates TYR especially in PGE2 stimulation. This has specific relevance to 

gastrointestinal disorders, as elevated levels of faecal TYR were identified as a differential 

biomarker in patients with inflammatory bowel disease in a cross-sectional study (Santoru et 

al., 2017) and TYR has demonstrated cellular cytotoxicity at high doses (Del Rio et al., 2018, 

Pretorius et al., 2022b). Furthermore, we and others have demonstrated that TYR is an 

abundant microbial metabolite (Luqman et al., 2018, Pugin et al., 2017, Pretorius et al., 

2022a). Of particular relevance, TYR formation via L-tyrosine decarboxylation is a well-known 
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characteristic of lactic acid bacteria (LAB) (Barbieri et al., 2019), which are commonly 

consumed as probiotic supplements. Considering TYR as a microbial metabolite, as well as 

the report by Luqman et al (2018) that demonstrated promotion of bacterial adherence and 

subsequent internalization (HT-29s) in the presence of TYR, a low or delayed cytokine 

response may be in line with microbial adaptations to evade host immune systems (Reddick 

and Alto, 2014). Furthermore, in terms of additional mechanisms that can potentially explain 

the low cytokine response, despite the generally robust PGE2 response, we hypothesise that 

occludin-related congestion of the golgi complex (Yu et al., 2015) – via caveolin-1-dependent 

mechanisms – may have caused delayed cytokine secretion and may potentially explain the 

discrepancy between the PGE2 and IL-8 results. In support of this interpretation, our 

representative micrographs depicted prominent occludin redistribution following TA treatment 

in general, with most extensive internalization in the presence of TYR. Importantly, caveolin 

proteins associate with the golgi complex to facilitate transport from the plasma membrane 

into the cell (de Almeida, 2017, Feng et al., 2013). As such, endocytosis of occludin in this 

context is likely mediated by caveolin-1 (Marchiando et al., 2010), which forms caveolae 

(plasma membrane invaginations), and are reportedly essential for immune-mediated TJP 

regulation. Furthermore, in general caveolin-1 has been reported to limit the inflammatory 

response (de Almeida, 2017). In support of this LPS and other microbial products have been 

shown to activate caveolin, which may assist their (microbial) entry into cells/across barriers 

when there is compromised TJP integrity (Lei et al., 2005, de Almeida, 2017). Certainly, some 

pathogens exploit caveolae as a route of internalisation that would allow their survival, since 

it avoids the lysosomal pathway (Machado et al., 2012). In fact, caveolin-1 expression 

increased the susceptibility of M-cells to Salmonella infection (Lim et al., 2009), implicating 

caveolin-1 in the gateway of microbial pathogen internalization. While this mechanism of 

action was not confirmed in the current study, it may – at least in part – explain the 

inflammatory profile reported here. As such, it would be interesting to assess potential links 

between caveolin-1, occludin internalisation and TYR in future studies.  

 

Despite the relatively similar effects of TYR and AGM – in line with our previous work 

(Pretorius et al., 2022b) – to alter both PGE and IL-8 levels and increase total TJP 

concentrations, an important differentiating factor in these effects are related to the distribution 

of occludin in particular. In the case of TYR, as mentioned previously, extensive occludin 

internalisation (i.e. loss of colocalization with ZO-1) was observed, while exposure to AGM 

promoted ZO-1 and occludin colocalization in areas of intact monolayer, but with apparent 

loss of TJP expression in other areas. In the current study, the inclusion of pre-treatment 

conditions (E2 and GRE) serves to illustrate potential differences in mechanisms of actions 

between TYR and AGM. For example, in the context of E2 pre-treatment, E2 prevented TYR-
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induced PGE2 increases, normalising TJP levels and cellular distribution, particularly that of 

occludin. While the precise mechanism of action by which TYR disrupts TJPs is unknown, we 

suggest – at least in part – that hydrogen peroxide, as a by-product of oxidation of TYR via 

monoamine oxidase (MAO), may induce oxidative stress and damage that could disrupt 

junctional proteins and integrity. Indeed, the intestine is predominated (<80%) by MAO-A 

isoform (Tipton, 2018), by which TYR and other TAs (but not PEA, which is highly selective 

for MAO-B) are deaminated. In addition, a study investigating the effect of MAO substrates on 

endogenous prostaglandin synthesis in rat brain homogenates reported that the presence of 

tyrosine (the precursor L-amino acid to TYR) caused a 2-fold increase in cyclooxygenase 

activity, increasing PGE2 levels significantly (Seregi and Hertting, 1984), suggesting that the 

hydrogen peroxide formed during amine degradation stimulated prostaglandin synthesis. 

While it should be considered that TYR-related internalization of occludin may be mediated by 

more complex mechanisms, it has been reported that PGE2 may disrupt intestinal epithelial 

barrier function, and specifically redistribute occludin towards intracellular locations in vitro 

(Rodriguez-Lagunas et al., 2010). Regarding the preventative E2 effect in this context, well 

described anti-inflammatory effects of estrogen or ERb agonists have been described in 

models of chronic intestinal inflammation (Harnish et al., 2004, Harris, 2007, Jacenik et al., 

2019, Looijer-van Langen et al., 2011). Specifically, E2 is reported to mitigate oxidative 

damage caused by hydrogen peroxide in several tissue types (Farruggio et al., 2019, 

Giddabasappa et al., 2010, Khan et al., 2021, Ruan et al., 2014), including in HT-29s, where 

E2 treatment prevented oxidative damage of the mucus layer, and reduced apoptosis and 

permeability following hydrogen peroxide challenge (Diebel et al., 2015). Taken together, if E2 

pre-treatment quenched TYR-related hydrogen peroxide, the subsequent increase in PGE2 

and occludin redistribution could have been alleviated, as seen in current data. The fact that 

the (known antioxidant) rooibos pre-treatment was also able to reduce the PGE2 response – 

although not the normalisation of TJP profile in the presence of TYR, supports a role for 

antioxidants in this context, but also suggests that more than one mechanism is at play. The 

relative importance of a direct antioxidant response of E2 (as described above) vs. other 

mechanisms – such as potential ERb and/or GPER interactions – in the context of TYR-

associated risk remains to be elucidated. Regardless, in terms of the practical implications of 

the current data, the fact that the presence of E2 seems to negate TYR-induced epithelial 

disruptions, suggests that female patients with elevated gut TYR levels could potentially have 

significantly exaggerated gastrointestinal symptomology during menses. This fact, as well as 

the high proportion of TYR secreted by LAB, as already mentioned, also cautions against 

prescription of these bacteria as probiotic supplements in FGID. 
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Moving on to address the different outcome to AGM exposure, the effects of rooibos suggest 

that redox balance is hugely important in optimising effects of AGM, which in the literature is 

mostly ascribed beneficial roles, albeit at much lower levels. Taking a closer look at the effects 

of AGM, literature generally suggests a neuroprotective effect (Xu et al., 2019), particularly in 

the context of BBB stabilization and AGM-related reductions in BBB permeability (Ahn et al., 

2015). In the current study, representative micrographs importantly reflected increases in ZO-

1 and occludin colocalization along the cell membrane, which we suggest may depict an 

promotion of TJP integrity, which would be in line with the mentioned beneficial effects of AGM 

on the BBB.  

 

Despite this favourable assessment of AGM function on TJPs, the interspersed areas lacking 

TJP suggest breakdown of cellular membrane integrity – a less desired outcome. However, 

given the fact that rooibos normalised this profile, we would like to argue that this negative 

outcome is an artefact of the cellular model used, for two reasons. Firstly, it was unlikely that 

AGM was metabolised into its downstream polyamine metabolites (putrescine, spermidine 

and spermine), as would normally happen in vivo. Indeed, exogenous AGM accumulation 

inside HT-29s, with minimal subsequent catabolism - ascribed to AGM-associated 

downregulation of ornithine decarboxylase activity and expression - has been reported 

(Mayeur et al., 2005). Thus, at high doses, AGM may have directly resulted in epithelial cell 

apoptosis. This interpretation is in line with reports of AGM enhancing the release of pro-

apoptotic pro-oxidant factors, such as cytochrome c, to potentially induce apoptosis via 

selective permeabilization of the outer mitochondrial membrane (Martinis et al., 2020).  

 

Secondly, the relative absence of AGM-associated polyamines in the cellular model, had 

further significance. These polyamines – which are non-enzymatic antioxidants (Mironczuk-

Chodakowska et al., 2018, Rider et al., 2007) - have been reported to improve gastrointestinal 

epithelial integrity and restoration by enhancing TJP expression (Guo et al., 2005, Rao et al., 

2012). This protective effect is attributed to the stabilization of lipids in the cell membrane by 

polyamines, particularly spermine (Fujisawa and Kadoma, 2005). Thus, while AGM has 

beneficial effects on TJP colocalization, by preventing its own metabolism into antioxidant 

polyamines, increased availability of AGM may facilitate oxidative damage to surrounding 

cells, which is in line with current data, as well as literature cautioning against excessive AGM 

intake (Oliphant and Allen-Vercoe, 2019). Current data clearly illustrates the importance of 

dose regulation of AGM, as there seems to be a fine line between beneficial and detrimental 

effects.  
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In the context of AGM, an important role for rooibos is demonstrated. Firstly, Dludla et al (2020) 

recently reported that a specific rooibos formulation (combination aspalathin and PPAG – both 

present in notable amounts in the GRE utilised here) exerted anti-apoptotic characteristics 

specifically (Dludla et al., 2020). Secondly, the high polyphenol (i.e. also non-enzymatic 

antioxidant) content of GRE was likely mitigating the relative lack of polyamine-related 

antioxidant activity here. In terms of specific constituents of the GRE responsible for this 

benefit, one candidate would be quercetin, as the most ubiquitous polyphenolic flavonoid 

known to prevent against oxidative damage to DNA oligonucleotides by reactive oxygen 

species (Moussa et al., 2019) – and which was concentrated in our GRE extract (Supp. Fig. 

5.1).  

 

5.6 Conclusion  
 

Taken together, current data expands on the literature implicating TYR as a major trigger in 

gastrointestinal disorders by suggesting that manipulation of E2 (or its receptors) may provide 

therapeutic effect. Furthermore, our data suggest that combination treatment with AGM and 

GRE may have substantial benefit in the context of intestinal inflammation and barrier 

disruption. These benefits of GRE seem to be directly linked to its antioxidant and – to a lesser 

extent – its anti-inflammatory characteristics, rather than to a phytoestrogenic effect. These 

data warrants further treatment development in a robust in vivo model, so that limitations of 

cell culture models may be overcome.  
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5.7 Supplementary materials 
 

Quantification of phenolic constituents 

We employed the method described by Stander et al. (2017) to quantify fifteen major phenolic 

constituents commonly found in rooibos tea. Briefly, tea samples were extracted with 50% 

MeOH and 1% FA. A Waters Synapt G2 Quadrupole time-of-flight (q-TOF) mass spectrometer 

(MS) connected to a Waters Acquity ultra-performance liquid chromatograph (UPLC) was 

used for high-resolution UPLC-MS analysis (CAF, Stellenbosch University). Chromatographic 

separation was achieved on a Waters HSS T3 column (1.7 μm, 2.1 × 100 mm), and the column 

temperature was maintained at 55 °C. For all samples an injection volume of 2 μL was used 

and run using a binary mobile phase gradient which consisted of (A) 0.1% FA in H2O and (B) 

0.1% FA in Acetonitrile. The flow rate was set to 0.3 mL/min throughout the set 29 min run 

time with the following separation conditions: the gradient started at 0% solvent B for 1 min 

and increased to 28% B over 22 mins in a linear way. It was then increased to 40% solvent B 

until 22.5 min, followed by an increase to 100% solvent B until 23 min. Solvent B was held at 

100% until 24.5 min, before being reduced to 0% solvent B to re-equilibrate to initial conditions 

for the final 4.5 min. Electrospray ionization was used in negative mode with a cone voltage 

of 15 V. Constituents were identified according to their accurate mass, MS/MS fragments, UV 

maxima and retention times as previously described (Stander et al., 2017) and quantified 

relative to rutin reference standards.  

 

Choice of rooibos formulation 

The decision to utilise a single rooibos preparation in this study (i.e. GRE) was manifold. 

Firstly, it is well-known that various factors influence the polyphenolic content, and subsequent 

antioxidant capacity, of rooibos. Some of these factors include geographical variety variations 

(Stander et al., 2017), season and quality grade (Joubert et al., 2012), processing (Pretorius 

et al., 2022a) and tea preparation i.e. brewing method (Damiani et al., 2019). As mentioned in 

the introduction, we have previously characterised 15 major polyphenolic constituents in green 

rooibos (GR), fermented rooibos and GRE (used in this study). Secondly, from these results 

(Supplementary Figure 1) we observed that the process of ethanol extraction concentrated 

constituents with well documented antioxidant activities. Indeed, orientin (An et al., 2012, 

Nayak and Uma, 2006, Praveena et al., 2014), iso-orientin (Cheel et al., 2005, Sarıkahya et 

al., 2011, Yuan et al., 2018), luteolin-7-O-glucoside (Park and Song, 2019, Rehfeldt et al., 

2022, Song and Park, 2014), quercetin-3-O-robinobioside (Novaes et al., 2019, Xu et al., 

2019, Zheng et al., 2017), and vicenin-2 (Duan et al., 2019, Lee et al., 2020a, Li et al., 2021a) 

were all present in higher levels in GRE compared to the original GR stock, and have well-

documented anti-oxidant activities. Thirdly, the specific antioxidant activity of GRE utilised 
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here has previously been determined (Lopez et al., 2022), which could be linked to outcome 

measures in this study. Fourthly, GRE also had higher phenylpropenoic acid glucoside 

(PPAG) levels than GR stock, and has been reported to confer protection downstream of 

oxidative stress induction (Himpe et al., 2016), presumably via anti-apoptotic mechanisms 

(Dludla et al., 2020). Taken together, we suggest that there is scope for specific rooibos 

constituent compounding (selected bioactive compound combinations and distributions) to 

promote synergistic actions to obtain optimal therapeutic benefit. As such, we selected to 

utilise GRE in this study, as it represented the rooibos formulation with the most abundant 

distribution of a wide variety of polyphenolic constituents with known antioxidant and anti-

apoptotic activities. 

 

Choice of rooibos dose 

Due to the substantial polyphenolic content (Iswaldi et al., 2011, Stander et al., 2017) and 

documented antioxidant activity of GRE (Lopez et al., 2022, Marnewick, 2014), it was 

important to establish a feasible dose to investigate in cell culture. Previous work executed on 

GRE by our group utilized a final experimental concentration of 100 µg/mL in vitro, which was 

determined to equate to an 8-fold concentration of rooibos tea in terms of polyphenol content 

(Lopez et al., 2022). To determine the optimal dose of GRE for this current study, HT-29 cell 

viability was assessed in response to a range of GRE (0 to 1000 µg/mL). For this purpose, a 

WST-1 assay was used to assess the activity of mitochondrial enzymes (succinate-tetrazolium 

reductase system) in treated cells. Briefly, HT-29 cells were seeded in a 96-well microtiter 

plate with 4x104 cells/well in phenol free media RMPI (Gibco, 11835-030) and were incubated 

at 37°C in 5% CO2 after treatments. After a 24 hr incubation, 5 µL of WST-1 reagent (Abcam, 

ab155902) was added to each well and left to incubate for 90 min before the absorbance of 

each well was read on a plate reader (BIO-TEK, EL800) at 450 nm. Data were collected 

utilizing the KC Junior Software before exporting to Microsoft Excel for further analysis.  
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Supplementary Figure 5.1: Changes in the relative distribution (% of total) of fifteen major phenolic 

constituents due to differential rooibos processing: (A) green rooibos ethanol extract (GRE), (B) green 

rooibos, and (C) fermented rooibos. Abbreviations: PPAG: phenylpropenoic acid glucoside. 

22.80%  Aspalathin
5.49%  Nothofagin
17.89%  Orientin
12.22%  Iso-orientin
4.23%  Rutin
4.35%  Vitexin
4.83%  Isovitexin
2.99%  Luteolin-7-O-glucoside
6.50%  Quercetin-3-O-robinobioside
3.78%  Vicenin-2
11.77%  PPAG
1.41%  (S)-eriodictyol-6-C-b-D-glucopyranoside
0.94%  (R)-eriodictyol-6-C-b-D-glucopyranoside
0.18%  (S)-eriodictyol-8-C-b-D-glucopyranoside
0.60%  (R)-eriodictyol-8-C-b-D-glucopyranoside

Total = 469 µg/mL

A) Ethanol extract of green rooibos

11.91%  Aspalathin
2.34%  Nothofagin
15.57%  Orientin
14.38%  Iso-orientin
2.34%  Rutin
7.09%  Vitexin
8.96%  Isovitexin
4.85e-003%  Luteolin-7-O-glucoside
7.97%  Quercetin-3-O-robinobioside
2.21%  Vicenin-2
5.96%  PPAG
7.18%  (S)-eriodictyol-6-C-b-D-glucopyranoside
8.86%  (R)-eriodictyol-6-C-b-D-glucopyranoside
2.35%  (S)-eriodictyol-8-C-b-D-glucopyranoside
2.86%  (R)-eriodictyol-8-C-b-D-glucopyranoside

Total = 224 µg/mL

C) Fermented rooibos

37.28%  Aspalathin
15.10%  Nothofagin
8.80%  Orientin
8.59%  Iso-orientin
4.74%  Rutin
5.10%  Vitexin
6.09%  Isovitexin
0.08%  Luteolin-7-O-glucoside
4.25%  Quercetin-3-O-robinobioside
1.23%  Vicenin-2
3.67%  PPAG
1.13%  (S)-eriodictyol-6-C-b-D-glucopyranoside
3.31%  (R)-eriodictyol-6-C-b-D-glucopyranoside
0.10%  (S)-eriodictyol-8-C-b-D-glucopyranoside
0.53%  (R)-eriodictyol-8-C-b-D-glucopyranoside

Total = 460 µg/mL

B) Green rooibos

Ethanol extraction

Fermentation
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Supplementary Figure 5.2: WST-1 results showing the effect of varying green rooibos extract (GRE) 

doses on HT-29 colon cell viability. Data are represented as mean % of control ± SD, n=3. Statistical 

analysis: One-way ANOVA with Tukey’s multiple comparison test, *** = p<0.001, **** = p<0.0001. 

 

Results from the WST-1 assay suggested that 100 ug/mL of GRE had a beneficial effect of 

HT-29 cell viability (p<0.001), and as such was selected as the dose that was utilised in 

subsequent experimentation. Furthermore, these results suggest that an over-dose of GRE 

(>200 µg/mL), as with all antioxidants (Joubert et al., 2005), can have detrimental effects on 

cell mitochondrial functionality and survival.  
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Chapter 6 
 

Tyramine-induced gastrointestinal dysregulation is attenuated via 
estradiol associated mechanisms in a zebrafish larval model 
 

This chapter has been submitted to the Journal of Biomedical Sciences (Impact Factor: 8.41). 

 

Title: Tyramine-induced gastrointestinal dysregulation is attenuated via estradiol associated 

mechanisms in a zebrafish larval model  

Authors: Pretorius, L., & Smith, C. 
 

6.1 Abstract 
 

Introduction:  
Development of targeted therapeutics to alleviate gastrointestinal (GI) inflammation and its 
debilitating consequences (i.e. GI symptomology) are required. In this context, the trace 
aminergic system may link together sex, diet and inflammation. Utilising a zebrafish larval 
model of GI inflammation (TNBS-exposure), the current study aimed to investigate 
mechanisms by which excess amounts of trace amines (TAs) may influence GI health. In 
addition, we probed the potential role of 17b-estradiol (E2) and its receptors, given the known 
female-predominance of many GI disorders.  
Methods:  
To assess GI functionality and integrity following TA administration, live imaging techniques 
(neutral red staining) and post-mortem immunofluorescent staining of tight junction proteins 
(occludin and ZO-1) were analysed respectively. In addition, behavioural assays, as an 
indication of overall wellbeing, as well as whole-body H2O2 and prostaglandin E2 assays were 
performed to inform on oxidative and inflammatory status. 
Results:  
Excess b-phenethylamine (PEA), tryptamine (TRP) and r-tyramine (TYR) resulted in adverse 
GI and systemic effects. In this regard, clear beneficial effects of E2 to modulate the effects of 
PEA, TRP and TYR was evident. Moreover, agmatine (AGM) displayed potential protective 
effects on GI epithelium and whole-body oxidative status, however, potential to induce 
systemic inflammation suggests the importance of dosage and administration optimisation.  
Conclusions:  
Considering both local and systemic analyses performed in the current study, TYR seems like 
the most prominent TA to have damaging GI effects, feasibly exacerbating GI inflammation. 
In this context, the relative lack of E2 (i.e. during menses) may provide mechanistic insights 
into the reported female-predominance of GI disorders. Moreover, an effective therapeutic in 
this context may be required to maintain GI TA load despite fluctuating E2 levels.  
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6.2 Introduction 
 

Over the last few decades substantial increases in the incidence of gastrointestinal (GI) 

disorders associated with GI inflammation have been observed. Indeed, 6.8 million cases of 

inflammatory bowel disease (IBD) were reported globally in 2017 (Alatab et al., 2020) and 

more than 40% of individuals around the world experience functional GI disorders (FGIDs) to 

some degree (Sperber et al., 2021). Albeit to variable extents, most GI disorders are 

underpinned by altered mucosal and innate immune function (Gersemann et al., 2012, 

Lazaridis and Germanidis, 2018). A better understanding of intestinal immunity is vital in the 

search for targeted therapeutics with which to alleviate symptomology and improve quality of 

life of affected individuals. We have identified two complexities in this context. Firstly, 

consistent epidemiological evidence of female predominance related to specific GI disorders, 

such as irritable bowel syndrome (IBS) and Crohn’s disease (Greuter et al., 2020, Kim and 

Kim, 2018) exist, which cannot be fully attributed to absolute hormonal differences between 

sexes (Bharadwaj et al., 2015b, Casimir et al., 2018, Mulak et al., 2014). Secondly, altered 

gut trace aminergic signalling and its pertinent links to sex, diet, and inflammation, has been 

implicated in the context of GI disorders (Gwilt et al., 2020, Christian and Berry, 2018, 

Pretorius and Smith, 2020). Indeed, elevated levels of faecal ρ-tyramine (TYR), β-

phenethylamine (PEA) and tryptamine (TRP) has been reported in IBD (Santoru et al., 2018), 

Crohn’s disease (Jacobs et al., 2016) and IBS (Ponnusamy et al., 2011) respectively. 

 

Despite the potential implications for trace amines (TAs) as role players in intestinal 

inflammation and homeostasis – illustrated by abovementioned metabolomics studies – 

limited knowledge on gut-specific actions of TAs from robust models exists. Nevertheless, 

literature seems to suggest that TRP and TYR have the most potential to modulate GI motility 

(Bhattarai et al., 2020, Bhattarai et al., 2018, Williams et al., 2014, Takaki et al., 1985, Yano 

et al., 2015), while all TAs assessed in the current study (PEA, TRP, TYR and agmatine; AGM) 

seem to be directly or indirectly implicated in the regulation or stimulation of intestinal 

inflammatory processes (Babusyte et al., 2013, Islam et al., 2017, Rooks and Garrett, 2016). 

Indeed, our group has previously demonstrated the in vitro effects of TYR in particular to 

disrupt tight junction proteins (TJPs) and promote inflammatory prostanoid release (Pretorius 

et al., 2022b) (Pretorius and Smith, manuscript under review). However, limitations associated 

with in vitro experimental settings – specifically related to subsequent TA metabolism – limit 

interpretive power, highlighting the need for in vivo investigations to accurately model roles of 

TAs and their metabolites in the presence of endogenous regulatory systems. Moreover, 

considering that TAs are microbially derived metabolites that seem to confer some 

adaptive/advantageous effects to enhance microbial survival and subsequent host infiltration 
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(Fernandez de Palencia et al., 2011, Luqman et al., 2018, Marcobal et al., 2012), and that TAs 

are in high supply in certain foods which are associated with a high-perceived food intolerance 

among patients with IBS (Barbieri et al., 2019, Bohn et al., 2013), it is also important to 

elucidate negative effects (if any) to both acute high dose and chronic low dose exposures. In 

addition, considering the female predominance associated with many GI disorders, as well as 

our previous work demonstrating 17b-estradiol (E2)-associated modulation of microbial TA 

secretion (Pretorius et al., 2022b, Pretorius et al., 2022a), as well as E2-mediated protection 

against TYR-induced TJP damage (Pretorius and Smith, manuscript under review), the in vivo 

actions of TAs in the presence and absence of E2 warrants investigation.  

 

In this regard, the use of zebrafish (Danio rerio) larvae to study GI disease and inflammation 

(Brugman, 2016, Chuang et al., 2019, Hanyang et al., 2017, Oehlers et al., 2013) has become 

increasingly popular. Zebrafish have comparable GI systems to humans, with highly 

analogous immune systems (as a key mediator between gut microbes and host) as well 

(Flores et al., 2020). Within this concept, their adaptive immune system is only functional four 

to six weeks post fertilization (Novoa and Figueras, 2011), thus the effects of the innate 

immune system can be investigated relatively unconfounded at early larval stages. This is of 

particular interest considering the innate immune system dysfunction prevalent in IBS and IBD 

(Kamada and Rogler, 2016, Lazaridis and Germanidis, 2018). In addition, established 

methods exist for introducing hormones such as E2 into zebrafish larvae (Souder and 

Gorelick, 2017), allowing development of a model in which female predominance can be 

explored.  

 

Taken together, data on the in vivo actions of TAs in the gut, as well as the potential 

modulatory role of E2 in high dose TA signalling, are insufficient. Given our recent data 

illustrating the importance of endogenous role players in redox balance (Pretorius and Smith, 

manuscript under review), which affects the effects exerted by TAs, an in vivo model is likely 

the only way in which mechanisms and role players may be accurately elucidated. As such, 

this study employed a zebrafish larval model of GI inflammation to investigate in vivo 

mechanisms by which high doses of TA may influence intestinal health, while probing the 

potential confounding role of E2 and its receptors.  
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6.3 Methods 
 

6.3.1 Animal husbandry & ethical considerations  

Wild-type zebrafish (Danio rerio) embryos were obtained from the Zebrafish Research Unit 

(Division of Clinical Pharmacology, Department Medicine, Stellenbosch University). Zebrafish 

embryos and larvae were maintained in embryo medium (E3; 5 mM NaCl, 0.17 mM KCl, 0.33 

mM CaCl2•2H2O, 0.33 mM MgSO4•7 H2O, 1.3x10-5 % w/v methylene blue in autoclaved RO 

water) at 28°C and 40-60% humidity, with a 14:10 light:dark cycle, and refreshed daily for the 

duration of the protocol. All experimental protocols were approved by the Stellenbosch 

University Animal Research Ethics Committee (Ref# ACU-2021-21677). 

 

6.3.2 Induction of gastrointestinal inflammation by TNBS- and TA-exposure 

GI inflammation was induced by 25 µg/mL 2,4,6-trinitrobenzene-sulfonic acid (TNBS; 

ThermoFisher, 28997) via immersion (TNBS was added to E3 used to refresh daily), from 5 

days post-fertilisation (dpf), until 7 dpf (2-day duration). As a standard treatment control, 25 

µg/mL prednisolone (Sigma, P6004) (reconstituted in DMSO and diluted in E3) administered 

via immersion for 24 hrs was utilised. (Thus, co-administration of TNBS and prednisolone 

occurred for the final 24 hrs of induction (6 to 7 dpf)). In addition, either 20nM 17b-estradiol 

(E2; Sigma, E2758) or the general estrogen receptor (ER) antagonist 2.5 µM tamoxifen (TAM; 

Sigma, T5648), were supplemented directly into E3 for 48 hrs (i.e. for the entire duration of 

TNBS-exposure). 

In terms of TA exposure, 25 µM, 50 µM or 100/200 µM of b-phenethylamine (PEA; Toronto 

Research Chemicals, P321335) or tryptamine (TRP; Toronto Research Chemicals, T894600) 

or r-tyramine (TYR; Toronto Research Chemicals, T898493) or agmatine (AGM; Sigma, 

A7127) or a vehicle control (control) were supplemented in E3 for 24 hrs, from 6 to 7 dpf for 

all experiments.  

 

6.3.3 Behavioural assay 

As a general measure of overall wellbeing, basal activity levels of zebrafish larvae were 

tracked and recorded using Daniovision larval activity tracking equipment and Ethovision 

software (Noldus, Wageningen, Netherlands). Activity tracking of all larvae was conducted on 

7 dpf. A smoothing profile of 0.2 mm (minimum distance moved) and frame rate of 25/s were 

applied.  
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6.3.4 Neutral red staining & live imaging 

Neutral red staining was performed at endpoint by incubating larvae in 2 µg/mL neutral red 

(Sigma, 72210) in fresh E3 for 5 hrs. After 5 hrs excess neutral red was washed away by 

replacing E3. Live larvae were then anesthetised with 0.016 mg/mL ethyl 3-aminobenzoate 

methanesulfonate salt (Tricaine; Sigma, A5040) in E3 for ~ 5 min. Once larvae were sedated, 

they were transferred to a microscope slide in a drop of tricaine supplemented E3, manipulated 

to the correct orientation and imaged on a stereomicroscope (WPI, Florida, USA) at 2x 

magnification for representative images and 3x for quantification purposes. Once the images 

were captured, the larvae were placed in fresh E3 to reverse the effects of the anaesthetic. 

Images were exported to ImageJ for analysis.  

 

6.3.5 Tight junction protein visualisation 

Wholemount immunofluorescent staining  

Larvae at 7 dpf were euthanised (tricaine overdose) and fixed in 4% paraformaldehyde 

overnight at 4°C. After fixation, larvae were washed twice with 1x PBS (pH= 7.4) before 

undergoing permeabilization in ice cold acetone for 7 min at -20°C. Larvae were washed twice 

again in PBS before incubation in blocking buffer (5% donkey serum, 20% fetal bovine serum 

(FBS) and 0.2% Triton-X in PBS) for 3 hrs at room temperature. Thereafter, overnight primary 

antibody incubations at 4 °C followed, utilising 1:100 mouse anti-ZO-1 (Invitrogen, 33-9100) 

and 1:250 rabbit anti-occludin (Novus Biologicals, NBP1-87402) in antibody diluent (1% 

donkey serum and 4% FBS in PBS with 0.1% Tween 20 (PBS-T)). Next, larvae were washed 

3x 5 min in PBS-T, prior to incubation with secondary antibodies: 1:250 Alexa Fluor 488 

donkey anti-mouse (Invitrogen, A-21202) and Alexa Fluor 594 donkey anti-rabbit (Invitrogen, 

A-21207) in antibody diluent overnight at 4 °C. Finally, the larvae were incubated with Hoechst 

(ThermoFisher Scientific, 33342) for 20 min at room temperature. In preparation for 

embedding, larvae were washed 3x 5 min with PBS-T and 1x 5 min with PBS.  

JB-4 resin embedding and sectioning  

Stained whole larvae were embedded using a JB-4 embedding kit (Sigma, EM0100) according 

to a protocol published by Sullivan-Brown et al. (2011), with minor modifications. Infiltration 

with infiltration solution proceeded directly after staining was completed in a three-stage 

process: (1) 1x 1 min at room temperature, (2) 1x 1 hr at room temperature, and finally (3) 1x 

overnight at 4 °C. After infiltration, larvae were embedded in freshly made embedding solution 

in polyethylene molding cup trays and embedding stubs (Polysciences, 11643A & 23197), 

overnight at 4 °C. Embedded samples were sectioned longitudinally (5 µm) using a standard 

rotary microtome fit with a tungsten blade. Sections were mounted onto microscope slides 

with Dako fluorescent mounting media (Diagnostech, S3023) and visualised by brightfield and 
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fluorescence microscopy using a NikonÒ ECLIPSE Ti2 inverted microscope and images were 

captured using NIS-Elements D v 5.30.02 software. The immunofluorescent intensities were 

quantified for each treatment group, with a minimum of 6 samples per group, using colour 

threshold and area measurements with ImageJ v 2.1.0 software. For TJP quantification, 

micrographs captured using 10x objective were utilised, while representative micrographs 

were captured using the 60x objective.  

 

 
 

Figure 6.1: Schematic illustrating longitudinal sections through larvae that enabled the correct 

orientation and assessment of the desired – mid-intestinal – gut region. 
 

6.3.6 Hydrogen peroxide assay 

Hydrogen peroxide (H2O2) concentrations in whole zebrafish larvae were determined using a 

commercial H2O2 colorimetric assay kit (Elabscience, E-BC-K102-S) according to 

manufacturer’s instructions with minor modifications. Briefly, after exposure of zebrafish larvae 

to TA treatments for 24 hrs, 25 zebrafish larvae (7 dpf) per sample were pooled and 

homogenized in 250 μL ice cold PBS (pH 7.4). Homogenates were centrifuged at 10000 xg 

and 4 °C for 10 min and supernatants were collected for the assay. In a 96-well microtiter 

plates, 100 μL/well of the buffer solution (reagent 1) was incubated at 37 °C for 10 min. After 

incubation, 20 μL/well of H2O2 standard or sample was added, followed by 100 μL/well of 

ammonium molybate (reagent 2). Immediately after, absorbance was read at 415 nm on a 

microplate reader (Victor Nivo Multimode Plate Reader, PerkinElmer). The assay was 

performed in triplicate, on samples from six different experiments and absorbance corrected 

for total protein content per sample (determined via Bradford assay).  
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6.3.7 Prostaglandin E2  

PGE2 concentrations in whole zebrafish larvae were determined using a commercial PGE2 

ELISA (Elabscience, E-EL-0034) following the manufacturer’s guideline protocol. Briefly, after 

exposure of zebrafish larvae to TA treatments for 24 hrs, 25 zebrafish larvae (7 dpf) per 

sample were pooled and homogenized in 250 μL ice cold PBS (pH 7.4). Homogenates were 

centrifuged at 10000 xg and 4 °C for 10 min and supernatants were collected for the assay. 

The assay was performed in triplicate, on samples from three different experiments and 

absorbance corrected for total protein content per sample (determined via Bradford assay). 

 

6.3.8 Statistical analyses 

Visualization and statistical analyses of all data were completed utilizing GraphPad Prism 

version 9.4.0 (www.graphpad.com, San Diego, CA). Data from the behavioural assay (n=12 

per group) was presented as individual scatter dot plots with mean ± standard error of mean 

(SEM) and was analyzed by 2-way ANOVAs with Tukey’s multiple comparison tests. Data 

from the neutral red staining experiment (n=9 per group) were analyzed with 2-way ANOVA 

with Tukey’s multiple comparison tests and represented as mean ± standard deviation (SD). 

Data depicting TJPs (ZO-1 and occludin; n=6 per group) were analyzed with a one-way 

ANOVA with Tukey’s multiple comparison tests and represented as mean fluorescent intensity 

± SEM. Finally, whole body H2O2 (n=6 pooled samples per group) and PGE2 (n=3 pooled 

samples per group) data were analyzed with one-way ANOVAs with Tukey’s multiple 

comparison tests and represented as mean concentration per total protein (determined via 

Bradford assay) as % of control ± SD. A p-value of <0.05 was considered statistically 

significant.  

 

6.4 Results 
 

6.4.1 Differential effect of trace amines to modulate general swimming activity 

TNBS administration significantly reduced larval locomotion compared to control levels (Figure 

6.2; p<0.0001). Moreover, TNBS exposure reduced the variability within treatment groups, 

resulting in a more clustered response, indicating a similar sensitivity of the larvae to TNBS. 

With prednisolone co-administration, a significant rescue effect was observed (p<0.05 vs 

control TNBS), and a restoration to normal distribution/variability was evident. In the absence 

of TNBS, both PEA and AGM treatment did not significantly alter activity levels, although 

treatment did increase the variability within each respective treatment group. In contrast, TRP 

and TYR treatment significantly decreased locomotion (p<0.001 and p<0.05 respectively). 

Moreover, TRP treatment – similarly to TNBS treatment – elicited a response with clustered 
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distribution around the mean (i.e. reduced inter-group variability) suggesting that of the TAs 

assessed, the larval activity were most sensitive to TRP and/or its metabolites. In the presence 

of TNBS, none of these TAs (PEA, TRP and TYR) significantly exacerbated or countered the 

effects of TNBS. In contrast, AGM treatment partially rescued this effect, restoring normal 

inter-group distribution. 

 
 

Figure 6.2: Basal locomotion of zebrafish larvae (7 dpf) following selected trace amine (TA) exposure 

in the absence or presence of an inflammatory stimulus (TNBS; 25 µg/mL, 2-day exposure). Total 

distance travelled (mm) over a 10-minute period was captured utilising Ethovision software following 24 

hr selected TA treatments: b-phenethylamine (PEA), tryptamine (TRP), r-tyramine (TYR), and 

agmatine (AGM). Data are represented as individual scatter dot plots with mean ± SEM, n=12. 

Statistical analyses: 2-way ANOVA with Tukey’s multiple comparison tests; */
#
 = p<0.05, ***/

###
 = 

p<0.001, **** = p<0.0001. Hashtags (#) represent differences within TNBS treatment groups, while 

asterisks (*) represent differences between TNBS treatment groups. 
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6.4.2 Differential effect of trace amines to modulate gastrointestinal endocytic capacity 

Neutral red staining of the mid-intestine serves as an indication of GI endocytic functional 

capacity, represented quantitatively in Figure 6.3 and qualitatively (representative 

micrographs) in the supplementary material (Supp. Fig. 6.1). In our model of GI inflammation, 

TNBS-exposure significantly reduced the average length of the stained mid-intestine from 363 

µm to 281 µm (p<0.0001), while the co-administration of prednisolone (329.7 ± 30.81 µm) 

rescued this effect significantly compared to the TNBS group (p<0.01). In the absence of 

TNBS treatment, significant reductions in stained mid-intestinal length were observed 

following PEA (p<0.01) and TYR (p<0.01) treatments, while the TRP treatment group was not 

different from control. In contrast, the presence of AGM increased staining significantly 

(p<0.05). In the presence of TNBS, however, both PEA and TRP treatment abolished staining 

completely (p<0.0001 for both), suggesting a cumulative effect to reduce GI endocytic 

functionality. In the case of TYR, the presence of TNBS did not significantly exacerbate the 

effect of TYR. In the presence of AGM, although TNBS significantly reduced staining 

(p<0.0001 vs. AGM -TNBS), levels did not differ from either control, suggesting that the 

protective effects of AGM to promote staining at least partially mitigated the effects of TNBS 

in this context.  
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Figure 6.3: Length of neutral red stained mid-intestine (µm) in zebrafish larvae (7 dpf) following 

exposure to selected trace amines (TAs): b-phenethylamine (PEA), tryptamine (TRP), r-tyramine 

(TYR), and agmatine (AGM), in the absence or presence of TNBS (25 µg/mL, 2-day exposure). Data 

are expressed as mean ± SD, n=9. In addition, TNBS treatment with subsequent prednisolone co-

administration is represented as mean (white dotted line) ± SD (greyed area) as the standard internal 

rescue control. Statistical analyses: 2-way ANOVA with Tukey’s multiple comparison tests; */
#
 = p<0.05, 

**/
##

 = p<0.01, ****/
####

 = p<0.0001. Hashtags (#) represent TA effects within TNBS treatment groups, 

while asterisks (*) represent effects between TNBS groups for the same TA treatment.  

 

6.4.3 Differential effects of trace amines to modulate gastrointestinal tight junction 

proteins 

Zona occludens-1 (ZO-1) – a cytoskeletal linker protein – and occludin – an integral membrane 

protein – form part of tight junction protein complexes and were assessed to determine the 

modulatory effects of TAs on TJP integrity. In this regard, representative micrographs are 

displayed in Figure 6.4 and the corresponding quantitative data are represented in Figure 6.5. 

Qualitatively, in the absence of TA treatment, the deleterious effect of TNBS-exposure was 

clearly observed (Fig. 6.4F), with reduced ZO-1 staining being the most prominent visual 

difference. This was confirmed by image analysis – TNBS treatment significantly reduced both 
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ZO-1 (Fig. 6.5A; p<0.05) and occludin (Fig. 6.5B; p<0.01) expression. This effect of TNBS 

was limited by the presence of both E2 (Fig. 6.4K) and prednisolone (Fig. 6.4P) to similar 

extents. Statistically, prednisolone partially rescued both ZO-1 and occludin levels (Fig. 6.5). 

Indeed, ZO-1 staining was visually prominent compared to the TNBS group (Fig. 6.4F), and 

the cellular architecture demarcated by this staining was more uniform in shape and size.  

 

Continuing to TA treatments, under control conditions, PEA treatment visually disrupted 

cellular morphology, and seemed to slightly decrease general signal intensity (Fig. 6.4B). 

Interestingly, TRP treatment seemed to somewhat maintain cellular morphology, however, 

epithelial cell size seemed larger, potentially indicating subtle edema (Fig. 6.4C). While TYR 

treatment most notably reduced ZO-1 signal intensity, there seemed to be an elevated 

presence of intracellular occludin in this group (Fig. 6.4D). However, despite these visual 

indications, PEA, TRP and TYR treatments did not statistically alter absolute levels for either 

ZO-1 or occludin (Fig. 6.5) compared to control conditions. In contrast, AGM treatment 

seemed to increase both occludin and ZO-1 signal intensity, with increased ZO-1 clustering 

evident (Fig. 6.4E). Statistically, AGM treatment significantly increased total occludin 

(p<0.0001), but not ZO-1 intensity when compared to control.  

 

In the presence of TNBS, each respective TA treatment group seemed to fair worse (Fig. 6.4F-

J), with decreases in total signal compared to their respective TA control groups. Interestingly, 

compared to the TNBS control group, none of the TAs assessed altered ZO-1 intensity 

significantly, but PEA, TRP and TYR treatments significantly increased occludin intensity 

(p<0.05 for all), thereby mitigating the effect of TNBS on occludin. Importantly, this effect was 

not observed for AGM, which in the presence of TNBS had significantly lower ZO-1 (p<0.05) 

and occludin intensities (p<0.0001) compared to AGM treatment in the absence of an 

inflammatory stimulus (Fig. 6.5), but not lower than control, which suggests AGM-associated 

maintenance of tight junction protein status in an inflammatory GI context.  

 

In the presence of E2, both PEA and TRP groups, as well as TYR to a lesser extent, showed 

improvement of gastrointestinal morphologies (Fig. 6.4L, M & N). Linking these observations 

to quantitative results, PEA, TRP and TYR groups had normalised ZO-1 levels, which were 

significantly increased when compared to the TNBS control (PEA and TYR: p<0.05, TRP: 

p<0.07), and similarly, occludin levels were also significantly improved (PEA: p<0.001, TRP: 

p<0.0001, TYR: p<0.01). These findings suggest a significant effect of E2 to beneficially 

protect against TNBS-induced damage via potentially TA-related signalling/mechanisms. In 

this context, AGM seemed to be the exception, as outcome seemed independent of E2 (Fig. 

6.4O). 
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Figure 6.4: Representative fluorescent micrographs showing the effects of selected trace amines (TAs), TNBS, 17b-estradiol (E2), prednisolone, and combined 

treatments on tight junction proteins in zebrafish larvae (7 dpf) mid-intestines. Green signal = ZO-1, red signal = occludin, blue signal = Hoechst. All micrographs 

were imaged using a 60x objective; scale bar = 10 µm. Abbreviations: PEA: b-phenethylamine, TRP: tryptamine, TYR: r-tyramine, AGM: agmatine. 
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Figure 6.5: Mid-intestinal immunofluorescent tight junction protein signal in stained zebrafish larvae (7 
dpf) treated with 25 µM b-phenethylamine (PEA) or tryptamine (TRP) or r-tyramine (TYR) or agmatine 
(AGM), in the absence or presence of TNBS and 17b-estradiol (E2). In addition, the effects of TNBS 
treatment (yellow bar), and TNBS and prednisolone (Pred) co-administration are represented (white 
bar). In (A) the effect on ZO-1 intensity is reported while in (B) the effect on occludin intensity is reported. 
Data are expressed as mean fluorescent intensity ± SEM, n=6. Statistical analyses: One-way ANOVA 
with Tukey’s multiple comparison tests; */#/@ = p<0.05, **/##/@@ = p<0.01, ### = p<0.001, ****/#####/@@@@ 
= p<0.0001. Asterisks (*) represent differences compared to the control group, hashtags (#) represent 
differences compared to the TNBS only group, asperands (@) represent differences compared to the 
AGM only group. 
 
6.4.4 Differential effect of trace amines to modulate whole-body oxidative profile  
In the absence of TA treatment (Fig. 6.6A), TNBS-exposure caused a significant increase in 

H2O2 levels compared to control (p<0.05), an effect that was rescued with the co-

administration of prednisolone (Fig. 6.6A). Interestingly, this effect was not rescued or 

worsened with the co-administration of E2, but the addition of TAM resulted in a significant 

increase in H2O2 levels compared to both control (p<0.0001) and TNBS (p<0.05) groups, 

potentially suggesting involvement of ER modulation (different to the full agonistic effects of 

estradiol) in advancement of oxidative stress in the presence of an inflammatory stimulus 

(TNBS). In response to TA-exposure, dose-related trends to increase in H2O2 levels were 

observed following PEA, TRP and TYR (Fig. 6.6B). In contrast, a U-shaped trend is observed 

following AGM treatment, with 25 µM of AGM significantly decreasing H2O2 levels compared 

to basal levels (p<0.01), while 100 µM and 200 µM had no significant effect (Fig. 6.6B).  

 

Stellenbosch University https://scholar.sun.ac.za



 139 

 
 

Figure 6.6: Hydrogen peroxide (H2O2) levels in pooled zebrafish larvae (7 dpf; n=25 per pooled 
sample). In (A) the effect of TNBS (25 µg/mL, 2-day exposure) in combination with prednisolone (P: 25 
µg/mL, 1-day exposure), 17b-estradiol (E2: 20 nM, 2-day exposure) and tamoxifen (TAM: 2.5 µM, 2-
day exposure) are displayed. In (B) H2O2 outcome in response to trace amine (TA) dose responses (25 
µM, 50 µM, and 100/200 µM) are displayed. Additionally, the basal (control) H2O2 level is depicted 
(black dotted line). Data are expressed as mean concentration per total protein as % of control ± SD, 
n=6. Statistical analyses: One-way ANOVA with Tukey’s multiple comparison tests; * = p<0.05, ** = 
p<0.01, *** = p<0.001, **** = p<0.0001. Asterisks (*) represent differences compared to the control 
group (dotted line). Abbreviations: b-phenethylamine (PEA), (C) tryptamine (TRP), (D) r-tyramine 
(TYR), and (E) agmatine (AGM). 
 

Moreover, H2O2 outcome in response to TA exposure combined with TNBS, E2 and TAM are 

represented in Figure 6.7, with main findings summarised here. PEA, TRP and TYR 

administration resulted in worse H2O2 outcomes, but these effects were generally attenuated 

in the presence of E2. Moreover, the effect of TA and TNBS exposures did not seem to have 

a cumulative effect on H2O2 production. Nevertheless, in the presence of both TA and TNBS 
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administration, the presence of E2 exhibited a mild limiting effect on H2O2 production, 

suggesting a direct beneficial effect of E2. Importantly, the addition of TAM (i.e. selective ER 

modulator) in the absence of E2 seemed to exacerbate the effects of TA/TNBS significantly 

for following both TRP (Fig. 6.7C, D) and TYR (Fig. 6.7E, F) administrations. In contrast to the 

other assessed TAs, low-dose AGM treatment seemed to confer protective effects but could 

not counter TNBS-induced H2O2 secretion (Fig. 6.7G, H). In this context, neither E2 nor TAM 

administration elicited a significant benefit.  

 

*PTO for Figure 6.7 

 

Figure 6.7: Hydrogen peroxide (H2O2) levels in pooled zebrafish larvae (7 dpf; n=25 per pooled sample) 
treated with 25 µM (left column) or 100 µM (right column) of selected trace amines: (A&B) b-
phenethylamine (PEA), (C&D) tryptamine (TRP), (E&F) r-tyramine (TYR), and (G&H) agmatine (AGM), 
in the absence (-) or presence (+) of TNBS (25 µg/mL, 2-day exposure), 17b-estradiol (E2: 20 nM, 2-
day exposure) and tamoxifen (TAM: 2.5 µM, 2-day exposure). In addition, the mean ± SD of TNBS only 
condition is represented by the dotted black line and greyed box respectively, located next to the y-axis. 
Data are expressed as mean concentration per total protein as % of control ± SD, n=6. Statistical 
analyses: One-way ANOVA with Tukey’s multiple comparison tests; * = p<0.05, ** = p<0.01, *** = 
p<0.001, **** = p<0.0001. 
 

Stellenbosch University https://scholar.sun.ac.za



 141 

 

H
yd

ro
ge

n 
pe

ro
xi

de
 

(%
 o

f c
on

tr
ol

)

0

50

100

150

200

250

300
H)

✱✱✱

✱✱

✱✱

✱✱

✱

✱

✱✱✱

✱✱

✱✱✱

100 !M AGM – + + + + +
TNBS – – – + + +
Estradiol – – + – + –
Tamoxifen – – – – – +

0

50

100

150

200

250

300

H
yd

ro
ge

n 
pe

ro
xi

de
 

(%
 o

f c
on

tr
ol

)

G)

✱✱✱

✱

✱✱✱✱

✱✱

✱✱

✱✱✱✱

✱✱✱

✱✱✱

25 !M AGM – + + + + +
TNBS – – – + + +
Estradiol – – + – + –
Tamoxifen – – – – – +

H
yd

ro
ge

n 
pe

ro
xi

de
 

(%
 o

f c
on

tr
ol

)

0

50

100

150

200

250

300
F)

✱

✱✱✱

✱✱✱ ✱✱

✱✱✱✱

✱

100 !M TYR – + + + + +
TNBS – – – + + +
Estradiol – – + – + –
Tamoxifen – – – – – +

0

50

100

150

200

250

300

H
yd

ro
ge

n 
pe

ro
xi

de
 

(%
 o

f c
on

tr
ol

)

E)

✱✱

✱✱✱

✱

✱✱✱✱

✱✱ ✱✱✱

✱

✱✱✱✱

25 !M TYR – + + + + +
TNBS – – – + + +
Estradiol – – + – + –
Tamoxifen – – – – – +

0

50

100

150

200

250

300

H
yd

ro
ge

n 
pe

ro
xi

de
 

(%
 o

f c
on

tr
ol

)

A)

✱

✱✱

✱✱✱✱

✱ ✱✱

✱✱✱✱

25 !M PEA – + + + + +
TNBS – – – + + +
Estradiol – – + – + –
Tamoxifen – – – – – +

0

50

100

150

200

250

300

H
yd

ro
ge

n 
pe

ro
xi

de
 

(%
 o

f c
on

tr
ol

)

D)
✱✱✱✱

✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱

✱✱✱

✱

✱✱✱✱

✱✱✱

✱✱✱✱

✱✱✱

100 !M TRP – + + + + +
TNBS – – – + + +
Estradiol – – + – + –
Tamoxifen – – – – – +

0

50

100

150

200

250

300

H
yd

ro
ge

n 
pe

ro
xi

de
 

(%
 o

f c
on

tr
ol

)

B)

✱

✱

✱✱

100 !M PEA – + + + + +
TNBS – – – + + +
Estradiol – – + – + –
Tamoxifen – – – – – +

0

50

100

150

200

250

300

H
yd

ro
ge

n 
pe

ro
xi

de
 

(%
 o

f c
on

tr
ol

)

C)

✱✱

✱

25 !M TRP – + + + + +
TNBS – – – + + +
Estradiol – – + – + –
Tamoxifen – – – – – +

Stellenbosch University https://scholar.sun.ac.za



 142 

6.4.5 Differential effect of trace amines to modulate whole-body prostaglandin profile 
To assess changes in inflammatory profile in response to the induction of GI inflammation and 

TA exposure, the levels of prostaglandin E2 (PGE2) are represented in Figure 6.8. In the 

absence of TA treatment, TNBS treatment significantly increased PGE2 levels compared to 

basal levels (control) (p<0.05). This effect was rescued partially in the presence of 

prednisolone or TAM, and significantly by E2 (p<0.05). In the presence of all TA assessed, 

PGE2 levels increased when compared to controls, with most significant activation by TYR 

(Fig. 6.8B).  

 

  
 
Figure 6.8: Prostaglandin E2 (PGE2) levels in pooled zebrafish larvae (7 dpf; n=25 per pooled sample). 
In (A) the effect of TNBS (25 µg/mL, 2-day exposure) in combination with prednisolone (P: 25 µg/mL, 
1-day exposure), 17b-estradiol (E2: 20 nM, 2-day exposure) and tamoxifen (TAM: 2.5 µM, 2-day 
exposure) are displayed. In (B) H2O2 outcome in response to trace amine (TA) dose responses (25 µM, 
50 µM, and 100/200 µM) are displayed. Additionally, the basal (control) PGE2 level is depicted (black 
dotted line). Data are expressed as mean concentration per total protein as % of control ± SD, n=3. 
Statistical analyses: One-way ANOVA with Tukey’s multiple comparison tests; * = p<0.05, ** = p<0.01, 
*** = p<0.001, **** = p<0.0001. Asterisks (*) represent differences compared to the control group (dotted 
line). Abbreviations: b-phenethylamine (PEA), (C) tryptamine (TRP), (D) r-tyramine (TYR), and (E) 
agmatine (AGM). 
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When considering PGE2 outcome in response to TA-exposure combined with TNBS, E2 and 

TAM, profiles were more TA-specific (Fig. 6.9). Firstly, for PEA treatment (Fig. 6.9A & B), at 

both concentrations a mild protective effect of both E2 and TAM was demonstrated in the 

context of joint PEA and TNBS-exposure (which seemed to elicit a cumulative PGE2 

response). A similar trend was observed following TRP treatment (Fig. 6.9C, D), except that 

the response to TNBS and TRP did not seem to be cumulative and was not alleviated in the 

presence of TAM. In contrast, both TYR and AGM resulted in significant PGE2 responses 

(Fig. 6.9E-H), which was only rescued by E2 in the case of TYR, where E2 (but not TAM) also 

normalised PGE2 levels in larvae exposed to both TYR and TNBS. Finally, in the presence of 

low-dose AGM (Fig. 6.9G), the presence of TNBS partially normalised PGE2 levels, with no 

added benefit of either E2 or TAM. However, at high dose AGM, TNBS seemed to almost elicit 

a cumulative effect on PGE2 release, again with no evident effect of either E2 or TNBS (Fig. 

6.9H).  

 

*PTO for Figure 6.9 

 

Figure 6.9: Prostaglandin E2 (PGE2) levels in pooled zebrafish larvae (7 dpf; n=25 per pooled sample) 
treated with 25 µM (left column) and 100 µM (right column) of selected trace amines: (A&B) b-
phenethylamine (PEA), (C&D) tryptamine (TRP), (E&F) r-tyramine (TYR), and (G&H) agmatine (AGM), 
in the absence (-) or presence (+) of TNBS (25 µg/mL, 2-day exposure), 17b-estradiol (E2: 20 nM, 2-
day exposure) and tamoxifen (TAM: 2.5 µM, 2-day exposure). In addition, the mean ± SD of TNBS only 
condition is represented by the dotted black line and greyed box respectively, located next to the y-axis. 
Data are expressed as mean concentration per total protein ± SD, n=3. Statistical analyses: One-way 
ANOVA with Tukey’s multiple comparison tests; * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. 
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6.5 Discussion 
 

Current data obtained from investigations in a zebrafish larval model of TNBS-induced GI 

inflammation elucidated a number of key, novel findings. Firstly, excess PEA, TRP and TYR 

all have deleterious local (gut) and systemic effects to varying degrees, with the actions of 

TYR being most significant in the context of H2O2 and PGE2 responses. Secondly, current 

data clearly illustrates direct beneficial effects of E2 (or potential ER involvement) in regulating 

effects of PEA, TRP and TYR (but not AGM) in the context of gut epithelial inflammation, which 

expands on the literature focused on mechanisms involved in female predominance of GI 

disorders. Thirdly, in contrast to the other TAs assessed in the current study, AGM displayed 

potential protective local effects – which we suggest may be importantly related to its 

subsequent metabolism; however, systemic effects may be less favourable (pro-inflammatory) 

highlighting the importance of dosage and administration optimisation, as well as 

comprehensive pharmacokinetics and pharmacodynamics studies to minimise risk of 

undesired effects, from a therapeutics standpoint. 

 

In line with results from previously mentioned metabolomics studies linking PEA, TRP and 

TYR to GI disorders, excess PEA, TRP and TYR were also associated with poorer local (gut) 

and/or systemic effects in vivo in the current study. In the context of local (gut) effects, current 

findings from both the neutral red staining – which is a well-described indicator of intestinal 

function (Oehlers et al., 2013) – and TJP analyses – which are crucially involved in the 

dynamic regulation of intestinal barrier integrity and permeability (Odenwald and Turner, 2017) 

– in addition seem to suggest that of these three TAs, TYR has the potential to mediate the 

most significant damage. This is in line with our previous results in HT-29 gut epithelial cells 

in culture, where TYR was also identified as major challenge to TJP integrity and inflammatory 

outcome (Pretorius and Smith, manuscript under review). Furthermore, PEA treatment alone 

also reduced functional capacity significantly, which was drastically exaggerated in the 

presence of TNBS. This effect of PEA and TRP (no neutral red staining in the presence of 

TNBS) could be explained by the specific actions of TNBS in this context. As described by 

Oehlers et al (2010), seeing that zebrafish larvae (at the age utilized in the current study) do 

not yet have an adaptive immune system, TNBS, which normally induces inflammation via 

haptenization, may act by indirectly disrupting mucin production and subsequent mucus-

related protection of the intestinal epithelium, resulting in aberrant microbial – or direct TA – 

contact with epithelial host cells. While in the absence of additional stimuli, the TNBS dose 

utilised was unlikely to induce apoptosis (Oehlers et al., 2011), we have previously shown 

prominent cytotoxic actions of direct TA-exposure (TRP>PEA>TYR>AGM) in an in vitro colon 

cell model (Pretorius et al., 2022b), which could explain these findings. Indeed, in our own 

Stellenbosch University https://scholar.sun.ac.za



 146 

experience, in terms of survivability, zebrafish larvae are most sensitive to the effects of 

TRP>PEA>TYR>AGM. In addition, this reasoning explains the effect of PEA and TRP 

treatment to increase occludin intensity to a greater extent in the presence of TNBS. As such, 

a diminished epithelial functional capacity (resulting from the combined treatments) could limit 

TNBS-induced occludin endocytosis (Li et al., 2008, Nighot and Ma, 2021) and subsequent 

degradation. Indeed, the same effect was observed for TYR, however, TYR-related loss of 

functional epithelium – as suggested for PEA and TRP – is not an applicable explanation in 

this context. Instead, we suggest, a differentiating factor of TYR is potentially related to TYR-

mediated increases in occludin internalization, which is an effect we have previously also 

observed (Pretorius et al., 2022b)(Pretorius and Smith, manuscript under review). As such, it 

may be feasible that a simultaneous prompt to degrade (TNBS stimuli) and increase (TYR) 

may have counteracted each other, appearing to ‘normalise’ occludin levels. In this regard, 

we have recently suggested a requirement for future studies to elucidate the potential links 

between TYR and occludin internalisation.  

 

Turning our attention to systemic effects, patients with GI disorders often experience a 

reduced quality of life and are less productive (Buono et al., 2017, Faresjo et al., 2019). In this 

regard, behavioural analyses suggested that both TRP and TYR (but not PEA) reduced 

general locomotion, which could be associated with ‘sickness behaviour’ in both cases 

(Kirsten et al., 2018). Notably, TRP treatment also reduced inter-group variation suggesting 

heightened sensitivity of zebrafish larvae to TRP or its metabolites in this regard. Importantly 

whole-body analyses revealed that TRP (followed by TYR) administration elicited the most 

pronounced H2O2 effect of all TAs assessed, while TYR (followed by TRP) exposure increased 

PGE2 levels most prominently. While these findings do not accurately depict the oxidative and 

inflammatory profiles in the gut, Kristen et al (2018) reported that a peripheral inflammatory 

event could result in an upregulation of pro-inflammatory cytokine secretion in the brain, which 

may result in reduced locomotion (assessed in the current study), social interaction and 

exploration. As such, the effects of both TRP and TYR to increase whole-body H2O2 and PGE2 

may explain the effect on general activity observed. In this context, the relatively milder 

(compared to TRP/TYR) effect of PEA on H2O2 and PGE2 responses, supports our 

interpretation that larvae in this group probably had lower levels of discomfort. 

 

Considering both local (gut) and systemic effects observed in the current study, while excess 

of PEA/TRP/TYR can result in pathological consequences, TYR seems to stand out as 

potentially the most detrimental in the context of interest and may be the physiologically most 

relevant. In this regard there are a few factors to consider. Firstly, TYR – in line with our 

previous work (Pretorius et al., 2022a) – is abundantly produced by lactic acid bacteria via L-
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tyrosine decarboxylation (Barbieri et al., 2019, Luqman et al., 2018, Pugin et al., 2017). In 

addition, TYR is also found to be present at high levels in certain foods, while Del Rio et al 

(2018) reported that TYR, at concentrations readily found in biogenic amine-rich foods, may 

have genotoxic and oxidative effects in vitro (Del Rio et al., 2018). Together, this supports the 

notion that dietary TYR load could already have potentially negative implications for gut health. 

Secondly, TYR (besides histamine) has been implicated as the biogenic amine with the 

highest probability to cause potential health risks (Barbieri et al., 2019, Marcobal et al., 2012). 

This attribute of TYR is multifaceted. For example, TYR can act indirectly as a 

sympathomimetic by displacing stored norepinephrine, which can cause adverse systemic 

effects (migraine, nausea, increased cardiac output etc.). Moreover, most biogenic amine-rich 

foods would contain more than just TYR, and as such the intestinal capacity for TYR 

‘detoxification’ via subsequent monoamine oxidase (MAO) action, could become 

saturated/reduced in the presence of other TAs. In this case a TA-dense meal could 

perpetuate the effects of TYR, which links to the high perceived food (biogenic amine-rich) 

intolerance among patients with IBS (Bohn et al., 2013). Furthermore, patients with altered 

MAO function or those supplementing with MAO inhibitor (MAOI) drugs, could be at a greater 

risk in this context (McCabe-Sellers et al., 2006). Indeed, considering the high prevalence of 

anxiety/depression among patients with GI disorders (Barberio et al., 2021, Zamani et al., 

2019) – which are commonly treated with MAOIs – this specific patient population may be 

most susceptible to the effects of TYR, and as suggested recently (Burns and Kidron, 2022), 

should be counselled to avoid TYR-containing foods as part of standard care. Also, given that 

the effects of ingested TYR would be related to the combined food ‘matrix’, of which the 

presence of certain substances, such as alcohol, reportedly potentiate the effects of biogenic 

amines (Linares et al., 2011) a host response to elevated TYR would be largely dependent on 

the above-mentioned factors, as well as individual host-sensitivity and behaviour. Finally, in 

terms of inflammation, in line with the current study, TYR reportedly stimulates cytokine 

secretion from T-lymphocytes and Ig secretion from B-lymphocytes (Babusyte et al., 2013) – 

while this aspect of TYR cannot be assessed in a larval model, this may indicate that the 

detrimental effect of TYR in an in vivo human scenario may be even worse than illustrated 

here in zebrafish larvae. In addition, TYR is also chemotactic for a subset of 

polymorphonuclear leukocytes (Babusyte et al., 2013), which are one of the main sources of 

enzymes and reactive oxygen species implicated in secondary tissue damage during 

inflammatory processes (Checa and Aran, 2020, Mittal et al., 2014). Considering that patients 

with GI disorders have heightened or dysfunctional innate immune responses, an increase in 

TYR could feasibly promote intestinal immune activation, thereby stimulating or exacerbating 

intestinal inflammation.  
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Interestingly, two studies investigating food intolerance in patients with IBS found that female 

sex predicted a high degree of food-related symptomology/intolerance (Bohn et al., 2013, 

Simrén et al., 2001). Considering the context of IBS, and specifically the associated female-

predominance, it was important to elucidate if E2 – as one of the main female reproductive 

hormones – could alter the proposed contribution of TA (specifically TYR) to intestinal 

inflammation. In the current study, across all parameters assessed, the presence of E2 

beneficially modulated the undesired effects of PEA, TRP and TYR to somewhat similar 

extents. Indeed, ZO-1 and occludin expression were normalised in the presence of E2, 

suggesting a significant effect of E2 to protect against TNBS-induced TJP damage via 

potentially TA-related signalling mechanisms. Importantly, this trend was also apparent in both 

H2O2 and PGE2 analyses as well. Notably, the addition of TAM in this context seemed to 

suggest that this beneficial effect of E2 may not primarily result from E2 abundance, but rather 

ER signalling as well, particularly in the context of our H2O2 findings. Indeed, involvement of 

ERs in redox signalling, although highly dependent on receptor isoform ratios and cellular 

status, is a well-known phenomenon (Kumar et al., 2010a). In this context, it may be possible 

that TAs (or TA-related downstream signalling) may alter ER-mediated outcomes; however, 

future studies investigating ER isoform expression, localisation and perhaps 

homo/heterodimerization in the context of trace aminergic signalling is required to fully 

elucidated the mechanisms at play. Regardless, the fact that E2 seems to confer protection, 

is in line with literature reporting GI symptom exaggeration during menses, when E2 levels 

are at their lowest (Kim and Kim, 2018). Moreover, we suggest that loss of E2-mediated TA 

modulation, may render specific patient populations (i.e. who have high TA levels or are most 

sensitive to the effects of TAs) at increased risk for subsequent TA-related GI symptomology. 

In many chronic inflammatory disorders, as well as in IBS, the female sex has been linked to 

poorer prognosis related to greater oxidative damage resulting from inflammation 

(Choghakhori et al., 2017a, Choghakhori et al., 2017b, Flak et al., 2013), although these 

differences cannot be fully accounted for by hormonal status alone (Casimir et al., 2018). As 

such, considering the potential implications of TYR exposure, modulation of the trace 

aminergic system or TA load in the gut, especially during menses, may have important clinical 

implications regarding symptom management.  

 

Moving on to the effects of AGM, local (gut) effects, such as demonstrated by neutral red and 

TJP analyses in the current study, suggested that the systemic administration of AGM 

increased GI epithelial functional capacity, as well as ZO-1 and occludin expression in the 

mid-intestinal region. From this point of view, AGM supplementation seems beneficial. 

However, it is important to note, as demonstrated in the activity tracking analyses, AGM 

treatment was often associated with increased inter-group variation, suggesting that the larvae 
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were selectively or differentially sensitive to AGM or its metabolites. Given the fact that redox 

status is clearly a determining factor in terms of whether a desired or undesired outcome is 

achieved in the context of intestinal inflammation, this suggests that either individual 

endogenous antioxidant system capacity showed significant inter-individual variability – 

similar to that seen in humans, or that different fish had varying sensitivity to AGM and its 

(antioxidant) metabolites, or both. Indeed, in the context of gut health, Nakamura et al., (2021) 

recently commented on the importance of ‘symbiotic metabolism’. In this regard, microbial 

derived metabolites (putrescine – downstream metabolite of AGM) are metabolised further (to 

spermidine and spermine) in colonic epithelium to exert beneficial effects, which assists with 

maintenance of intestinal homeostasis (Nakamura et al., 2021). Incidentally, excessive AGM 

intake can disrupt this symbiotic metabolism, and as such excessive supplementation has 

been cautioned for its potential detrimental effect on polyamine synthesis/action (Oliphant and 

Allen-Vercoe, 2019).  

 

In terms of behaviour, AGM partially improved general activity levels in the presence of TNBS, 

suggesting potential for effecting relief from TNBS-induced ‘sickness behaviour’. This finding 

is in line with the reported neuroprotective role of AGM (Ahn et al., 2015). Moreover, AGM 

seemed to beneficially modulate oxidative status. In this regard, AGMs role in redox balance 

was dependent on dose, with lower doses having more favourable outcomes and higher doses 

suggesting that potential excess may lead to pro-oxidative outcomes. Indeed, AGM is 

identified to have a dual role in apoptosis via regulation of mitochondrial permeabilization 

(Martinis et al., 2020) and as such, emphasises the importance of dose. Indeed, considering 

that AGM breaks down into antioxidant metabolites (polyamines are classified as non-

enzymatic antioxidants (Mironczuk-Chodakowska et al., 2018)), potential pro-oxidant 

consequences related to excess AGM – or even excess polyamines (Stewart et al., 2018) – 

reiterates this point. Finally, looking at the effects of AGM on inflammatory status, AGM 

increased PGE2 levels in a dose-dependent fashion. This discrepancy between the oxidative 

and inflammatory outcomes could be attributed to the fact that unlike an endogenous 

antioxidant capacity, there is no endogenous inflammatory ‘quenching’ mechanism. Taken 

together, these findings, as well as the interindividual variation of the larvae to AGM, suggests 

that an individualised approach is required to optimise redox outcome in patients with GI 

disorder, however, the systemic inflammatory response highlights caution regarding excess 

or systemic administration of AGM.  
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6.6 Conclusions 
 

In terms of future perspectives, current data highlight the complexity of trace aminergic 

signalling, specifically in the context of therapeutic target identification or therapeutics 

development. AGM, for example, showed promising effects in the gut, but potential AGM-

related inflammatory signalling may suggest that specific routes of administration (i.e. slow-

release tablet or suppository) or combination treatment with an anti-oxidant agent, should be 

investigated as therapeutic options in future studies. Also, seeing that current data highlighted 

the protective actions of E2, and that we have previously demonstrated that E2 indeed alters 

microbially derived TA levels (Pretorius et al., 2022a, Pretorius et al., 2022b) an effective 

therapeutic in this context may be required to maintain the intestinal environment (microbially 

derived TA load) despite cyclic E2 fluctuations (i.e. have a more pronounced effect than E2 

on TA status), and thereby may mitigate associated GI symptom exaggeration. Taken 

together, current findings suggest the importance of dose, however, it remains to be elucidated 

at what range/threshold do TAs contribute to GI symptomology and how this relates to levels 

in patients with IBS. As such, data to date warrants an observational study in a human IBS 

cohort.  
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6.7 Supplementary material 
 

 
 
Supplementary Figure 6.1: Representative micrographs of neutral red stained zebrafish larvae. 
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Chapter 7 

Synthesis 
 

IBS is becoming an increasingly prevalent FGID that negatively impacts quality of life and 

overall productivity. Moreover, consistently reported female-predominance in this regard (1:2 

to 1:5) cannot be solely attributed to differences in reproductive hormone levels. Importantly, 

the lack of effective therapeutic options is a formidable dilemma in translation of transient 

symptom alleviation to ‘remission’. Of particular significance, the lack of therapies which target 

inflammation – despite its implications in IBS – is problematic, especially considering literature 

reporting worse inflammatory and oxidative outcomes in female vs males with IBS 

(Choghakhori et al., 2017a, Choghakhori et al., 2017b). In addition, difficulties in therapeutic 

advancement are additionally confounded by the individual, yet multifactorial, nature of IBS 

onset and disease progression. In this regard an extensive review of current literature 

(Chapter 2) led us to identify the trace aminergic system as a potential key role player, linking 

sex, diet, and inflammation, which may be exploited as a therapeutic target. In fact, the ‘trace’ 

in TA may be a misnomer to a certain extent, considering that relatively high levels (due to 

direct consumption and/or subsequent microbial metabolism) can be present at the interface 

of mucosal immunity, the GI epithelium, and the gut microbiota. As such, the loss of TA 

homeostasis can be associated with altered immune reactivity and GI epithelial modulation 

towards environmental cues – which is in line with a high perception of food intolerance in this 

patient population.  

 

However, to the best of our knowledge, the role of an altered/dysregulated trace aminergic 

system has not been investigated in an IBS context. As previously suggested, this is in part 

due to the limited knowledge of the peripheral actions of TAs, as well as the lack of a relevant 

in vivo model. Therefore, as stated in the formal hypothesis statement, investigation into the 

GI modulatory capacity of TAs in the presence of E2 in both in vitro and in vivo models was 

warranted.  

 

Considering these unknowns, the novelty of this dissertation is evidenced by the following 

main findings, which contribute significantly to current literature. I have demonstrated – at least 

to some degree – that microbial production of TAs is E2-dependent (Chapter 3), yet the nature 

of this microbial response to E2 is differential (even within probiotic strains). Furthermore, the 

administration of different E2 concentrations may elicit opposing effects on TA secretion from 

the same microbe. These results highlighted the dependence of the probiotic secretome 

profile on host hormonal status, which may provide insight into the lack of probiotic efficacy 
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for specific patient populations (Lee and Bak, 2011). In addition to these findings, I have also 

demonstrated the effects of three different rooibos preparations to alter microbial TA secretion 

capacities to generally decrease TRP and increase PUT output (Chapter 4). While I 

acknowledge the limitations of microbial monocultures (which cannot accurately simulate the 

in vivo environment), I suggest that these findings may provide potential insight into 

mechanisms by which rooibos may elicit its anecdotally renowned alleviation of GI discomfort. 

More importantly, rooibos may be able to negate E2-induced alterations in TA profile, which 

may have important implications for TA-associated symptom management in female-

predominant GI disorders.  

 

To further our understanding of the physiological implications of altered TA homeostasis – 

specifically an increased TA load – we transitioned into an in vitro HT-29 colon cell model. 

Results from these experiments (Chapter 3 & 5) illustrated that TAs (at levels produced by 

microbes in vitro (Luqman et al., 2018, Pugin et al., 2017)) can act as significant stressors. In 

this context, the presence of E2 buffered the cytotoxic effects of some, but not all TAs, 

confirming that fluctuating E2 levels may alter the response of the gut barrier to stressors 

(Alonso et al., 2008, Alonso et al., 2012). Regarding inflammatory effects in particular, high-

dose TYR-exposure (and to a lesser extent AGM as well) stimulated a significant PGE2 

response (Chapter 3 & 5), suggestive of a relatively more pro-inflammatory outcome at high 

TA load. Moreover, TJP analyses demonstrated occludin redistribution in response to TA 

treatment (Chapter 3). In Chapter 5, the inclusion of pre-treatment conditions (higher [E2] and 

rooibos), served to illustrate potential differences in mechanisms of actions between TYR and 

AGM. In this regard, extensive occludin internalisation (i.e. loss of colocalization with ZO-1) 

was observed following TYR administration, while exposure to AGM promoted the 

colocalization of ZO-1 and occludin on the cellular periphery in areas of intact monolayer, but 

with apparent loss of TJP expression in other areas. In the presence of E2, the outcomes of 

combination of (E2 and TA) treatments were not universal (Chapter 3). In fact, our initial results 

suggested the different TAs interact differently with E2, and the nature of the interaction not 

only alters TJP status, but also cell sensitivity/vulnerability to stressors (Chapter 3). 

Interestingly, at a higher dose of E2 treatment the PGE2 response to TYR only was prevented, 

normalising TJP levels and distribution (Chapter 5) while rooibos treatment prevented TA-

induced PGE2 and IL-8 secretion following both TYR- and AGM-exposure but was only able 

to normalise TJP levels and distribution profile for AGM (Chapter 5). Taken together, in vitro 

data expanded on the literature implicating TYR as major trigger in GI disorders by suggesting 

that manipulation of E2 may provide therapeutic effect. Furthermore, my data suggest that 

combination treatment with AGM and rooibos may have substantial benefit in the context of 

intestinal inflammation and barrier disruption. As such, the complexity of TA-TJP interplay in 

Stellenbosch University https://scholar.sun.ac.za



 154 

a multi-microbe populated environment was emphasized, necessitating investigation in whole 

organism models, so that limitations of cell culture models may be overcome.  

 

Moving on to my final study, an established model of GI inflammation in zebra fish larvae was 

utilised (Chapter 6), which allowed for the comprehensive assessment of the in vivo effects of 

TAs, in the presence of E2 and TAM. The main findings from this study included the 

deleterious effects of excess PEA, TRP and TYR, which were in line with recent metabolomics 

studies linking the surplus of these TAs to GI disorders (Jacobs et al., 2016, Ponnusamy et 

al., 2011, Santoru et al., 2018). Again, TYR was the TA which was highlighted as potentially 

the most detrimental in this context, specifically in the context of inflammation. As such, I 

suggest that an increase in TYR may feasibly promote GI immune activation, thereby 

exacerbating intestinal inflammation. Moreover, in this study, the beneficial effects of E2 to 

modulate TA became more apparent, with similar protective effects of E2 in the context of TJP 

status and inflammatory/redox profile extending to PEA, TRP and TYR (but not AGM). 

Importantly, this expands on literature focused on mechanisms by which female 

predominance in certain GI disorders may come about. Finally, the transition into an in vivo 

model also shed light on the importance of subsequent AGM metabolism (which was restricted 

due to a limitation of the in vitro HT-29 model utilised). In this regard, a potential protective 

effect of AGM was observed in both TJP and oxidative aspects. However, the risk of such 

possible pro-inflammatory systemic effects following AGM treatment, also crucially highlighted 

the importance of dosage and administration optimisation to minimize adverse side effects 

from a therapeutics standpoint.  

 

Taken together, these data serves to support my stated hypotheses. Firstly, in line with the 

first two hypotheses, presented data highlights the importance of estrogen in the IBS context 

both at the level of TA secretion by gut microbes, as well as in determining effects of TA on 

host cells. Furthermore, the in vivo data generated in larval zebrafish in particular, 

demonstrates the importance of investigating dysregulation of regulatory systems – such as 

the TA system – using in vivo models, as well as supporting my third hypothesis by illustrating 

the importance of TA metabolism in managing risk profile. 

 

In terms of future perspectives, three main areas of interest have emerged from the current 

findings. Firstly, the complex interplay of TA and TJP regulation – particularly TA-related 

occludin redistribution – requires deeper investigations into the molecular mechanisms 

involved. In this regard, I have recently suggested (Chapters 5 and 6) a requirement for future 

studies to elucidate the potential links between TYR and occludin internalisation/endocytosis. 

In Chapters 3 and 5, a potential mechanism of action may have involved the binding of TAs 
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to the a2-adrenergic receptor (a2-ADR) in HT-29 cells. In a study by Luqman et al (2018), the 

authors reported that the binding of TAs (PEA, TRP and TYR) to the a2-ADR boosted bacterial 

adherence and subsequent internalization in HT-29 cells due to downstream actin re-

organisation, resulting from downstream a2-ADR signalling (Luqman et al., 2018). Indeed, 

Shen et al (2005) described that actin depolymerization resulted in decreased transepithelial 

resistance and concurrent caveolin-1-dependent occludin redistribution and internalisation. 

Interestingly, in the same study, ZO-1 and claudin redistribution only occurred well after 

maximum transepithelial resistance was lost (Shen and Turner, 2005), suggesting that an 

initial effect on occludin-related endocytosis precedes changes in TJP permeability. 

Considering the feasibility of this hypothesis, HT-29 generally express low levels of caveolin-

1 (Felley-Bosco et al., 2000), but these levels can be upregulated in the presence of 

exogenous stimuli (Díaz-Valdivia et al., 2017). While the role of caveolins in endocytosis is 

controversial, the morphology of caveolae suggest a role in the concentration and 

internalisation of substances (de Almeida, 2017), and as such it would be interesting to assess 

if there are any links to caveolin-1 levels and TA-exposure in future studies. 

 

Secondly, mechanisms involved in TA-E2 interplay remain to be further elucidated. For 

example, in Chapter 6 I alluded to the fact that it was unknown if the beneficial effects of E2 

observed were related to a direct E2 affect or TA-related modulation of downstream E2 

signalling (i.e. ER involvement), or both. In this context, future studies investigating ER isoform 

expression (ratio between ERa and ERb), localization (membrane, nuclear or mitochondrial) 

and dimerization status (homo/heterodimerization) can be assessed utilising high-resolution 

microscopy techniques (i.e. correlative light and electron microscopy). Moreover, correlating 

these findings to changes in oxidative or inflammatory outcome could inform on potential 

targets for therapeutic modulation. In addition, seeing that current data highlighted the 

protective actions of E2, and that we have previously demonstrated that E2 indeed alters 

microbially derived TA levels (Chapter 3 and 4), an effective therapeutic in this context may 

be required to maintain the intestinal TA load despite cyclic E2 fluctuations (i.e. have a more 

pronounced effect than E2 on TA status), in order to effectively mitigate associated GI 

symptom exaggeration. In this regard, preliminary findings on the use of rooibos (Chapter 4) 

suggested that the overall effect of E2 on microbial TA production was relatively insignificant 

in the presence of rooibos supplementation, and as such, there may be scope for further 

exploration of the potential therapeutic capacity of specific rooibos formulations.  

 

Thirdly, given the known neuroprotective actions of AGM, as well as my in vivo findings that 

show promising effects of AGM in the gut, future studies should elucidate the therapeutic 
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potential of AGM. These findings, as well as the interindividual variation of the larvae to AGM, 

suggests that an individualised approach is required to optimise redox outcome in patients 

with GI disorders. Nevertheless, the systemic inflammatory response I observed in zebrafish 

cautions against excess or systemic administration of AGM. In this context, specific routes of 

administration (i.e. slow-release tablet or suppository) or combination treatment with an anti-

oxidant agent (such as rooibos), should be investigated.  

 

Finally, even though investigations into TAARs was beyond the scope of this dissertation, 

future studies targeting TAARs, specifically TAAR-1, may shed light on feasible therapeutic 

targets, which regulate, at least in part, downstream TA functioning. In this regard, as reviewed 

in Chapter 2, literature seems to suggest that TAs do not bind exclusively to TAARs, but act 

as a ligand for several other receptors e.g. a2-ADR. Nevertheless, differential TAAR-1 

expression in several leukocyte populations (PMN cells, B- and T-lymphocytes, monocytes, 

and natural killer cells (Babusyte et al., 2013, Nelson et al., 2007, Sriram et al., 2016, D'Andrea 

et al., 2003)) suggests that TAAR1 activation may regulate leukocyte differentiation and 

activation, and thereby regulate inflammatory processes. For example, the activation of TAAR-

1 and -2 stimulates both IL-4 and IgE secretion (from T- and B-lymphocytes respectively) 

(Babusyte et al., 2013), which is of particular relevance to the allergy-like symptomology 

observed in IBS cohorts (Barbara et al., 2006, Lee and Lee, 2016). Moreover, TAAR1 may 

have a modulatory/down-regulatory role in trace aminergic signalling (dependent on 

heterodimerization status). Nevertheless, given the clear role for TAs in IBS aetiology and/or 

symptomology, and the fact that GPCRs are common targets of pharmacological agents, it is 

a high priority to elucidate the potential of (at least) TAAR-1 as a therapeutic target. 

 

In conclusion, TAs have a relatively unappreciated role in the regulation of homeostasis in the 

GI tract. This thesis furthers our understanding of TAs and their physiological role and 

relevance, as well as highlights previously unknown mechanisms by which E2 may modulate 

the GI environment, thereby providing insights into the reported female-predominance 

associated with IBS. While current findings emphasize the importance of dose, it remains to 

be elucidated at what range/threshold TAs contribute to GI symptomology and how this relates 

to levels (and symptomology severity) in patients with IBS. As such, data to date warrants an 

observational study in a human IBS cohort.  
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Addenda 
 
Addendum A: Ethical approval 
 

 
 

   

Protocol Approval
 

Date:  04 May 2021

PI Name: Prof C Smith 

Protocol #: ACU‐2021‐21677   

Title: Use of zebrafish larval model of IBS for drug screening 

Dear C Smith ,

Your response to modifications, was reviewed  by the Research Ethics Committee: Animal Care and Use via committee review procedures and was approved.
Please note that this clearance is only valid for a period of twelve months. Ethics clearance of protocols spanning more than one year must be renewed annually
through submission of a progress report (due 30 days prior to expiry date), up to a maximum of three years.

Approval Date: 04 May 2021 ‐ 03 May 2022

Animal Species: Zebrafish

Animal Numbers: 10080

Applicants are reminded that they are expected to comply with accepted standards for the use of animals in research and teaching as reflected in the South African
National Standards 10386: 2008. The SANS 10386: 2008 document is available on the Division for Research Developments website www.sun.ac.za/research.

As provided for in the Veterinary and Para‐Veterinary Professions Act, 1982. It is the principal investigator's responsibility to ensure that all study participants are
registered with or have been authorised by the South African Veterinary Council (SAVC) to perform the procedures on animals, or will be performing the
procedures under the direct and continuous supervision of a SAVC‐registered veterinary professional or SAVC‐registered para‐veterinary professional, who are
acting within the scope of practice for their profession.

Please remember to use your protocol number 21677  on any documents or correspondence with the REC: ACU concerning your research protocol.

Please note that the REC: ACU has the prerogative and authority to ask further questions, seek additional information, require further modifications or monitor the
conduct of your research.

Any event not consistent with routine expected outcomes that results in any unexpected animal welfare issue (death, disease, or prolonged distress) or human
health risks (zoonotic disease or exposure, injuries) must be reported to the committee, by creating an Adverse Event submission within the system.

We wish you the best as you conduct your research.

If you have any questions or need further help, please contact the REC: ACU Secretariat at wabeukes@sun.ac.za  or 021 808 9003.

Sincerely,

Winston Beukes

REC: ACU Secretariat

Research Ethics Committee: Animal Care and Use
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Addendum B: Mass spectrometry parameters 

Trace 
amine 

Standard 
level 

Nominal 
conc. 

(ng/mL) 

Mean 
observed 

conc. (ng/mL) 
% 
CV 

% 
Accuracy n R2 

Quadratic 
weighting 

factor 

PEA 

1 10000 10157.38 3.29 101.57 2 

0.999 1/c 

2 5000 4906.02 1.26 98.12 2 
3 2500 2397.14 10.00 95.89 2 
4 1250 1272.70 11.03 101.82 2 
5 625 645.96 4.83 103.35 2 
6 312.5 322.77 8.35 103.28 2 
7 156.25 157.44 16.26 100.76 2 
8 78.125 78.04 7.66 99.89 2 
9 39.06 36.38 6.79 93.13 2 
10 19.53 19.05 1.82 97.55 2 
11 9.76 10.40 9.43 106.60 2 
12 4.88 4.79 12.77 98.07 2 
13 2.44 2.43 0.00 99.76 1 
14 1.22 1.24 0.00 101.67 1 
15 0.61 0.64 0.00 104.83 1 
16 0.305 0.283 0.00 92.88 1 
17 0.153 0.15 0.00 95.67 1 

TRP 

1 10000 10034.99 1.42 100.35 2 

0.999 1/c 

2 5000 4948.71 1.23 98.97 2 
3 2500 2408.44 5.28 96.34 2 
4 1250 1294.11 12.64 103.53 2 
5 625 659.23 4.03 105.48 2 
6 312.5 351.16 4.45 112.37 2 
7 156.25 156.65 9.84 100.25 2 
8 78.125 74.54 0.31 95.41 2 
9 39.06 32.36 2.35 82.86 2 
10 19.53 21.11 3.83 108.09 2 
11 9.76 9.59 17.95 98.24 2 
12 4.88 4.79 0.00 98.07 1 
13 2.44 2.39 0.00 98.13 1 
14 1.22 1.17 0.00 95.89 1 
15 0.61 0.63 0.00 103.43 1 
16 0.305 0.29 0.00 94.09 1 
17 0.153 0.16 0.00 104.31 1 

TYR 

1 10000 9936.53 2.52 99.37 2 

0.998 1/c2 

2 5000 5212.42 5.03 104.25 2 
3 2500 2352.24 3.41 94.09 2 
4 1250 1303.87 5.78 104.31 2 
5 625 619.72 18.69 99.15 2 
6 312.5 287.03 8.45 91.85 2 
7 156.25 127.55 0.00 81.63 1 
8 78.125 61.56 0.00 78.79 1 
9 39.06 40.35 3.88 99.26 2 
10 19.53 17.47 0.00 89.43 1 
11 9.76 8.35 0.00 85.59 1 
12 4.88 4.37 0.00 89.47 1 
13 2.44 2.04 0.00 83.76 1 

AGM 

1 10000 9336.62 9.11 93.37 2 

0.986 1/c2 

2 5000 5916.94 14.77 118.34 2 
3 2500 2992.07 6.22 119.68 2 
4 1250 1459.82 2.34 116.79 2 
5 625 672.03 13.11 107.52 2 
6 312.5 310.18 7.15 99.26 2 
7 156.25 139.73 5.45 89.43 2 
8 78.125 66.94 6.28 85.69 2 
9 39.06 36.96 13.37 94.63 2 
10 19.53 16.17 12.32 82.80 2 
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11 9.76 9.10 5.19 93.26 2 
12 4.88 5.25 0.00 107.62 1 
13 2.44 2.1 0.00 98.76 1 

PUT 

1 10000 9945.43 1.15 99.45 2 

0.999 1/c 

2 5000 5152.00 3.44 103.04 2 
3 2500 2453.26 2.59 98.13 2 
4 1250 1198.62 5.38 95.89 2 
5 625 646.42 5.34 103.43 2 
6 312.5 305.55 4.58 97.77 2 
7 156.25 146.23 1.62 93.59 2 
8 78.125 69.90 6.55 89.47 2 
9 39.06 39.60 22.38 101.37 2 
10 19.53 20.68 6.65 105.89 2 
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