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 List of abbreviations 

ACE Angiotensin converting enzyme 

ANG I  Angiotensin I 

ANG II Angiotensin II 

APN Aminopeptidase N 

APW Aminopeptidase W 

AT1 Angiotensin II receptor type 1 

AT2 Angiotensin II receptor type 2 

BP Blood pressure 

CO2 Carbon dioxide 

DBP Diastolic blood pressure  

DPEP1 Membrane dipeptidase 

DTT Dithiolthreitol 

EDTA Ethylenediaminetetraacetic acid 

EIPM Ex-vivo intestinal perfusion method 

H&E Hematoxylin and Eosin staining  

HCl Hydrochloric acid 

HHL Hippuryl-L-Histidyl-L-Leucine  

HPLC High pressure liquid chromatography 

GNR Gastric juice non-resistant 

GR Gastric juice resistant  

IW Isoleucine-tryptophan 
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O2 Oxygen 

PBS Phosphate buffered saline 

PSS Physiological saline solution 

RAS Renin angiotensin system 

SBP Systolic blood pressure 

SHR Spontaneously hypertensive rat 

TBS Tris buffered saline 

UV Ultraviolet 

W Tryptophan 
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Amino acids and codes 

Amino acids Three letter code One letter code 

Alanine   

 

Ala A 

Arginine   
 

Arg R 

Asparagines   
 

Asn N 

Aspartic acid Asp D 

Asparagine or aspartic acid Asx B 

Cysteine   
 

Cys C 

Glutamic acid Glu E 

Glutamine Gln Q 

Glutamine or glutamic acid Glx Z 

Glycine Gly G 

Histidine His H 

Isoleucine Ile I 

Leucine Leu L 

Lysine Lys K 

Methionine Met M 

Phenylalanine Phe F 

Proline Pro P 

Serine Ser S 

Threonine Thr T 

Tryptophan Trp W 

Tyrosine Tyr Y 

Valine Val V 
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1. Introduction 

 

1.1. Hypertension, epidemiology and diagnosis 

 

Hypertension is a major health issue all over the world. The global prevalence was estimated to 

be about 1.13 billion in 2015 (Williams et al., 2018). Deaths from complications of hypertension 

such as ischaemic heart disease, stroke and kidney failure also account for 9.4 million deaths 

worldwide each year (WHO, 2013). This prevalence also increases with age with an estimate of 

>60% in people over 60 years of age (Williams et al., 2018). Considering the rapidly ageing 

world populations and increased longevity, it is therefore expected that the prevalence and 

possibly, deaths due to hypertension will increase. Other factors that contribute to the 

prevalence include behavioural risk factors such as smoking, consumption of food containing too 

much salt and fat, and not eating enough fruit and vegetables, harmful use of alcohol, sedentary 

lifestyle, excess weight and persistent stress (WHO, 2013; Williams et al., 2018). 

Hypertension also has serious financial implications. It is estimated that costs from 

cardiovascular diseases, including hypertension would rise to about 1.04 trillion US$ in the year 

2030, a 22 percent increase from the 863 billion US$ estimated cost in 2010. Fifty-five percent of 

these cost will be direct healthcare costs and the rest are productivity costs due to disability, time 

loss from work from illness or seeking care or premature death (Forum and Health, 2011). 

Hypertension is defined as an elevated systolic blood pressure (SBP) equal to or greater than 

140mm Hg and/or diastolic blood pressure (DBP) equal to or greater than 90mm Hg (WHO, 

2013, Williams et al., 2018). The European Society of Cardiology/European Society of 

Hypertension (ESC/ESH) 2018 guidelines recommend such a diagnosis of hypertension upon 

repeated office blood pressure measurements or out of office measurements, which could either 

be ambulatory blood pressure measurements or home blood pressure measurements with these 

values (Williams et al., 2018).  

Contrary to the ESC/ESH and World Health Organization (WHO) definition for hypertension, in 

2017, the American College of Cardiology/American Heart Association (ACC/AHA) task force on 

clinical practice guidelines took a more aggressive approach in classifying hypertension as blood 

pressure readings of 130/80 mm Hg or higher (Whelton et al., 2017). This definition also 

eliminates the term “Prehypertension” as given in the seventh report of the joint national 

committee on prevention, detection, evaluation, and treatment of high blood pressure (JNC 7) 

(Chobanian et al., 2003) and incorporates “borderline prehypertension with blood pressure 
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readings of 130-139/85-89 mm Hg” into stage 1 hypertension (Whelton et al., 2017). In the 

following, the definition of hypertension as given by the ESC/ESH will be applied. 

 

1.2. Classification of hypertension and treatment 

 

Following the ESC/ESH and WHO publications, hypertension is defined as SBP values equal to 

or greater than 140 mmHg and/or DBP values equal to or greater than 90 mmHg. This is based 

on evidence that treatment of patients with these blood pressure (BP) values is beneficial in 

terms of reducing major cardiovascular events and all-cause deaths (Group et al., 2015; 

Williams et al., 2018). In addition to diagnosis, the BP values also help to grade the disease and 

to determine the course and modes of treatment that will be followed. The grades of 

hypertension are given in table 1 below. 

Table 1: 2018 ESC/ESH Grading of hypertension (Williams et al., 2018) 

Category  Systolic (mm Hg) Diastolic (mm Hg) 

Optimal  Less than 120 Less than 80 

Normal  120–129 80–84 

High normal  130–139 85–89 

Grade 1 hypertension  140–159 90–99 

Grade 2 hypertension  160–179 100–109 

Grade 3 hypertension  Greater than or equal to 180 Greater than or equal to 110 

Isolated systolic hypertension Greater than or equal to 140  Less than 90 
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1.2.1. High normal blood pressure  

 

From the grading of hypertension, there is a category that does not fulfil the criteria for clear 

hypertension but it is also not within normal blood pressure range (Table 1). This category is 

known as –‘High normal blood pressure’ or as part of ‘Prehypertension’ as defined by the 

seventh report of the joint national committee on prevention, detection, evaluation, and 

treatment of high blood pressure (JNC 7) (Chobanian et al., 2003). The prevalence of this group 

of patients is estimated to be around 25 - 50% of adults worldwide (Egan and Stevens-Fabry, 

2015) and studies showed that patients in this group have a higher risk of developing myocardial 

infarction, increased progression of coronary atherosclerosis and an increased rate of 

progression to hypertension than populations with normal blood pressure (Sipahi et al., 2006; 

Suri and Qureshi, 2006; Selassie et al., 2011; Redwine and Falkner, 2012) This category is now 

being classified as grade 1 hypertension in the latest American College of Cardiology/American 

Heart Association guidelines on hypertension placing more emphasis on active risk assessment, 

closer monitoring and eventual drug treatment (Whelton et al., 2017). According to this US 

classification, more than half of the European population would result hypertensive with 

considerable implications for all European healthcare systems (Volpe et al., 2019). The 

treatment modalities from the current ESC/ESH guidelines recommend lifestyle advice for 

patients with high normal pressure with possible consideration for drug treatment in the 

presence of high cardiovascular risk factors (Fig. 1). Reasons being that, there is not sufficient 

evidence about the benefits of starting an antihypertensive therapy for SBP values that are less 

than 140 mmHg, except for high-risk individuals (Volpe et al., 2019). 
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Figure 1: 2018 ESC/ESH Guidelines on treatment of hypertension (modified from Williams et 

al., 2018) 

Lifestyle advices such as healthy diet, weight reduction or smoking cessation generally help to 

reduce the risk of cardiovascular disease or prevent the onset of hypertension. However, they 

are not very specific in nature and various studies have shown that adherence to these lifestyle 

recommendations are unfortunately poor (Steptoe and McMunn, 2009; Hamer, 2010; Scheltens 

et al., 2010). It is also worth noting that adherence to pharmacological agents is likewise poor 

(Wang et al.; Mazzaglia et al., 2009; Tomaszewski et al., 2014). 

 

1.2.2. Management of hypertension 

 

After diagnosis, the decision to treat hypertension is based on factors such as the grading of the 

disease, presence of other risk factors such as diabetes, other cardiovascular diseases or renal 

diseases (Fig.1). The treatment itself is then based on two approaches – lifestyle interventions 
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and drug treatment. Lifestyle interventions are recommended in all patients with hypertension 

because they can prevent or delay the onset of hypertension and cardiovascular risks. Lifestyle 

modifications can either serve as initial treatment before the start of drug therapy and as an 

adjunct to medication in persons already on drug therapy. When highly motivated hypertensive 

individuals with medication-controlled BP achieve and sustain lifestyle changes, these 

interventions can help to facilitate drug step-down or drug withdrawal in these individuals (Appel, 

2004). These interventions include, limiting salt intake to less than 6 grams per day or less 

(equivalent of 100 mmol or 2400 mg of sodium per day or less) and healthy diet using the 

Dietary Approaches to Stop Hypertension (DASH) which entails intake of diet rich in fruits, 

vegetables, whole grains, and low-fat dairy products with reduced content of saturated and total 

fat. Additionally, moderate alcohol consumption, weight reduction or maintaining an ideal body 

weight, regular physical activity and smoking cessation are suggested. Various evidences have 

shown that these lifestyle interventions can have powerful effects on blood pressure (Appel, 

2004; Working, 2009; Whelton et al., 2017; Williams et al., 2018).  

In a meta-analysis of 54 randomized, controlled trials to determine the effect of aerobic exercise 

on blood pressure, the data showed that aerobic exercises were associated with a significant 

decrease in mean systolic and diastolic blood pressure (-3.84 mm Hg and -2.58 mm Hg 

respectively) (Igarashi and Nogami, 2018). Another randomized trial to examine the effect of 

dietary salt restriction on office and 24-hour ambulatory blood pressure in subjects with resistant 

hypertension showed that low salt diet decreased office systolic and diastolic blood pressure by 

22.7 and 9.1 mm Hg, respectively and 24 hour systolic and diastolic blood pressure by 20.1 and 

9.8 mm Hg respectively (Pimenta et al., 2009). Even though there are several studies showing 

the positive effects of lifestyle changes, in several cases especially in the elderly, drug treatment 

has to start better earlier than too late. This was shown in several clinical trials.  

Drug treatment in hypertensive patients over 60 years was connected with reduced 

cardiovascular, cerebrovascular, coronary heart disease mortality and morbidity as compared to 

placebo or a less intensive regimen (Liu et al., 1998; Acelajado, 2010; Musini et al., 2019). Also, 

some of the proposed lifestyle changes may however not be appropriate or relevant and may 

even be detrimental to these patients. Especially in older patients over 80 years, a weight 

reduction could induce a loss of muscle mass (sarcopenia) and can even cause cachexia, 

unless an intensive physical training program and adequate protein supplementation are 

concomitantly applied (Villareal et al., 2017; Benetos et al., 2019). Equally, an excessive salt 
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reduction might induce hyponatremia, malnutrition, and orthostatic hypotension with increased 

risk of falls (Benetos et al., 2019).  

Drug treatment involves the use of pharmacological agents that act on various specific pathways 

that are involved in the pathophysiology of hypertension. These include drug treatment with 

blockers of the renin-angiotensin system, which includes angiotensin converting enzyme (ACE) 

inhibitors such as captopril and angiotensin receptor blockers (ARBs) such as valsartan. Further 

compounds to treat hypertension are calcium channel blockers (e.g. amlodipine), 

thiazide/thiazide-like diuretics (e.g. hydrochlorothiazide) and, beta-blockers (e.g. carvedilol). 

Current ESH/ESC guidelines recommend the use of combination treatment strategy to improve 

blood pressure control in most patients. The aim of treatment is to lower the blood pressure to 

less than 140/90 mmHg in all patients and if the treatment is well tolerated, treated blood 

pressure values should be targeted to 130/80 mmHg or lower in most patients. Another 

important goal of treatment is to reduce the development of complications such as chronic 

kidney disease in the patients (Williams et al., 2018). 

 

1.3. The Renin-Angiotensin-System (RAS) 

 

The Renin-Angiotensin-System (RAS) is one of the major control systems for blood pressure in 

the body (Fig.2). The mechanism of the RAS involves first the cleavage of Angiotensin I (ANG I) 

from Angiotensinogen by Renin, an aspartyl protease that is secreted by the kidneys. The 

regulation of renin release from the kidney is complex. Among the many controllers is the 

decrease in renal perfusion pressure detected by unknown baroreceptors (Davis and Freeman, 

1920). Also, a decrease in sodium chloride delivery to the macula densa cells of the distal tubule 

(Harrison-Bernard, 2009). Another important controller is increased renal sympathetic nerve 

activity, acting through beta 1 adrenergic receptors to produce increase in renin secretion, 

decrease in urinary sodium excretion and decrease in renal blood flow (DiBona, 2000). Through 

these sensing mechanisms, levels of renin in plasma can be incrementally titrated in response to 

changes in blood pressure and salt balance (Sparks et al., 2014). The dicarboxypeptidase 

Angiotensin Converting Enzyme (ACE), then cleaves 2 amino acids from the inactive ANG I to 

generate the vasoactive peptide Angiotensin II (ANG II) (Fig.2).  

There are two forms of ACE, somatic and testicular ones. Testicular ACE is known to play a role 

in infertility in males. Studies show that sperms from disrupted testicular ACE mouse have 
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defective zona-binding ability and oviduct-migrating ability (Muro and Okabe, 2011). However, 

the molecular mechanism by which testis ACE promotes fertility is still not clear. Human somatic 

ACE is expressed strongly in many types of endothelial cells, especially in the capillaries of the 

lung, as well as in epithelial cells in the kidney, small intestine, epididymis and vessels (Riordan, 

2003; Atlas, 2007). It is this membrane-bound ACE that is thought to be physiologically 

important. ACE also exists in a soluble form in plasma, but this form may simply reflect turnover 

and clearance of membrane-bound ACE (Atlas, 2007). Plasma ACE makes up about 2 - 10% of 

total ACE in the body (Cushman and Cheung, 1971; Dzau et al., 2001; Levitt and Schoemaker, 

2006). ACE contains two homologous and independent catalytic domains, the N and the C 

domain. However, the C domain is thought to be the predominant site of conversion of  ANG I to 

ANG II in vivo (Fuchs et al., 2008). ACE also degrades bradykinin, a vasoactive peptide with 

vasodilator and natriuretic properties (Carey and Siragy, 2003).  

ANG II is the primary effector of the RAS. The major actions of ANG II are mediated by two 

subtypes of G protein-coupled angiotensin receptors, the angiotensin II receptor type 1 (AT1) 

and the angiotensin II receptor type 2 (AT2) receptor (Kaschina and Unger, 2003). Most of the 

established physiological and pathophysiological actions of ANG II are being mediated by the 

AT1 receptors. These include actions on the cardiovascular system (vasoconstriction, increased 

blood pressure, increased cardiac contractility, vascular and cardiac hypertrophy), kidney (renal 

tubular sodium reabsorption, inhibition of renin release), activation of the sympathetic nervous 

system, and adrenal cortex (stimulation of aldosterone synthesis) (Atlas, 2007). AT1 receptors 

are expressed in all of the key organ systems involved in co-ordinately regulating the level of 

blood pressure, including the kidney, vasculature, adrenal gland, heart, and both central and 

peripheral nervous systems (Sparks et al., 2014). The AT2 receptor is a seven-transmembrane-

type G protein-coupled receptor containing 363 amino acids and it has a low amino acid 

sequence homology (34%) with AT1 receptors (Carey and Siragy, 2003). AT2 receptors are 

found in abundance during foetal development but their expression generally falls after birth. 

Nevertheless, persistent AT2 receptor expression can be detected in several adult tissues 

including the kidney, adrenal gland and the brain (Sparks et al., 2014). AT2 receptor activation is 

thought to induce angiogenesis in the hypoxic heart via downstream stimulation of bradykinin B2 

receptors and nitric oxide generation (Munk et al., 2007).  

AT2 receptors might also mediate vasodilation, anti-proliferative and apoptotic effects in vascular 

smooth muscle and inhibit growth and remodelling in the heart (Carey and Siragy, 2003). 

However, the importance of any of these AT2-mediated actions remains uncertain (Atlas, 2007). 
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Although ANG II is the primary active product of the RAS, there is evidence that other 

metabolites of ANG I and ANG II, such as angiotensin III (ANG III), and angiotensin IV (ANG IV) 

may have significant biological activity, particularly in tissues (Atlas, 2007). Angiotensin III is 

present in the central nervous system (CNS), where it is thought to play an important role in 

tonic blood pressure maintenance and in hypertension (Reaux et al., 1999), central ANG IV is 

likely to increase blood pressure by cooperating with ANG II on AT1 receptor signalling 

(Reudelhuber, 2005).  

  

Figure 2: Schematic diagram of the RAS (modified from Conti et al., 2012). 

Due to its importance in the RAS, ACE inhibition is a common treatment strategy for managing 

hypertension and various pharmacological agents exist that forms the group of ACE inhibitors, 

such as Captopril, Lisinopril and Enalapril. ACE inhibitors competitively block the action of ACE 

and thus the conversion of ANG I to ANG II, thereby reducing circulating and local levels of ANG 

II (Atlas, 2007). In general, short-term, pharmacodynamic responses to ACE inhibition includes 

dose- dependent reductions in cardiac preload and afterload, with lowering of systolic and 

diastolic blood pressure but with little or no change in cardiac output or capillary wedge pressure 

in normotensive and hypertensive patients without cardiac dysfunction (Atlas, 2007). Bioactive 

peptides have also been shown to produce antihypertensive effects mainly as a result of actions 

that involve inhibition of RAS enzyme activities, especially ACE activity (Wang et al., 2012; Yuan 

et al., 2012; Fernández-Musoles et al., 2013; Aluko, 2015; Martin and Deussen, 2017).  
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1.4. Bioactive peptides with ACE inhibitory effects 

 

Hypertension remains one of the most important preventable contributors to disease and death 

(James et al., 2014). This statement highlights that preventing or delaying the onset of 

hypertension is a big possibility. It is known that anti-hypertensive medications especially ACE 

inhibitors can exhibit unwanted side effects such as hypotension, electrolyte imbalance, 

angioedema and dry cough (Pfeffer et al., 2003) and these could lead to poor drug compliance 

among individuals with hypertension (Flack et al., 1996; Bremner, 2002). Moreover, individuals 

with ‘high normal blood pressure’ (130 – 139 mm Hg and 85 – 89 mm Hg) and who would not 

qualify for anti-hypertensive medications under the current treatment guidelines for hypertension 

(Williams et al., 2018), would have the disadvantage of increased progression of the disease 

and higher risk of complications (Sipahi et al., 2006; Suri and Qureshi, 2006; Selassie et al., 

2011; Redwine and Falkner, 2012). Thus, there is an increasing scientific interest in the usage of 

natural bioactive peptides with known anti-hypertensive properties as possible alternative 

treatment strategies for the early stages of hypertension.  

These bioactive peptides are encrypted within the primary structure of food proteins where they 

remain inactive until their release. The release of the bioactive peptides is usually achieved via 

enzymatic protein hydrolysis. Once they get released from the parent protein and are absorbed, 

these food peptides are known to modulate the RAS leading to a decrease in ACE activity. The 

mechanism of ACE inhibition by these protein hydrolysates and peptides is thought to take place 

through competitive, non-competitive, uncompetitive, or even mixed type peptide - enzyme 

interactions (Aluko, 2015). Natural bioactive peptides would also have the advantage of limited 

side effects, therapeutic efficiency and low toxicity. For example, a single oral administration of 

Val-Tyr (10 mg/kg) to 18-week-old SHR resulted in a prolonged reduction of systolic blood 

pressure (- 43 mm Hg vs. control rats) for up to 9 h with significant reductions in abdominal aorta 

and lung ACE activity (Matsui et al., 2004). In another study, hemp seed meal protein fed to 6 

weeks old SHR for 8 weeks was found to supress further increase in SBP with an average value 

of approximately 120 mm Hg as compared to control SHR with a maximum of 158 mm Hg and 

with significant suppression of plasma ACE and renin activities (Girgih et al., 2014).  

In another study to evaluate the side-effects and toxicity of bioactive peptides, subjects with 

blood pressure ranging from normal to mild hypertension were given either 5 times more than 

the effective amount of casein hydrolysate (incorporating 7.5 mg of Val-Pro-Pro (VPP) and 9.6 

mg of Ile-Pro-Pro (IPP)) or a placebo. In the hypertensive subjects, SBP was decreased, 
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however, there was no antihypertensive effect in the normotensive subjects and neither an acute 

nor an excessive reduction in blood pressure nor clinically important adverse events were 

observed in the study (ISHIDA et al., 2011). However, it has to be mentioned that review of other 

clinical trials with VPP and IPP showed inconsistent and or non-significant changes in blood 

pressure (Panel and Nda, 2011). Inhibiting ACE has been suggested to be the main mechanism 

by which bioactive peptides exert their effects. Other possible mechanisms of action that have 

been suggested include renin inhibition (Li and Aluko, 2010; Girgih et al., 2014), nitric oxide 

production (Hirota et al., 2011; Yuan et al., 2012) and AT1 receptor blockage (Fernández-

Musoles et al., 2013) but there are very scanty information and evidence to back them up 

(Aluko, 2015). 

 

1.4.1. Isoleucine-Tryptophan 

 

An example of such bioactive food peptides is the dipeptide Isoleucine-Tryptophan (IW). IW is a 

dipeptide that was first identified in hypoallergenic infant milk formulas where it showed one of 

the highest ACE-inhibition potencies for food-derived peptides with an IC50 value (describes the 

inhibitor concentration necessary to inhibit the enzyme activity by 50%) of 0.7 µmol/L (Martin et 

al., 2008a). IW has also been shown to be a selective and competitive inhibitor for the C-domain 

of human somatic ACE with a Ki (inhibitory constant) of 1.6 µmol/L as compared to 59.6 µmol/l 

for the N-domain (Lunow et al., 2015). Further in-vitro co-incubation studies using human 

plasma with IW also showed powerful ACE inhibition effects with a mean IC50 of 38.8 µmol/l 

among the different individuals (Khedr et al., 2015). Additionally, oral intake of IW in 

spontaneously hypertensive rats was shown to result in significant lowering of blood pressure (-

42 mm Hg) compared to control rats who received standard diet without any supplements, 

inhibition of plasma and tissue ACE activity, reduction in matrix metalloproteinase-2 activity and 

an improved coronary flow reserve (Martin et al., 2015).  

Furthermore, oral intake of IW in normotensive human volunteers led to a significant 32% 

reduction in Plasma ACE activity (Kaiser et al., 2016). Administration of the corresponding single 

amino acids isoleucine and tryptophan had no effect on plasma ACE activity and peptide 

concentrations (Kaiser et al., 2016). More recently, intake of 5 and 50 g of a whey protein 

hydrolysate (MPH), containing IW and WL (another ACE inhibitory peptide (Martin et al., 2008a) 

) in healthy volunteers resulted in the reduction of plasma ACE activity by 13.6% and 24.9% 

respectively (Martin et al., 2019). In overall, there is a clear association between the application 
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and/or intake of IW and the ACE inhibitory and anti-hypertensive effects observed. Thus, the 

natural peptide IW is a very potent ACE inhibitor which might be utilized as a specific preventive 

intervention for hypertension and it could also be conveniently administered either as a food 

supplement or as nutraceutical for the benefit of the population at risk of hypertension. 

 

1.4.2. IW plasma concentration in humans 

 

The natural peptide IW, as shown from several studies is a potent ACE inhibitor and it showed 

anti-hypertensive effects in SHR. Human studies also showed plasma ACE inhibitory effect after 

oral intake of 50 mg IW. However, the measured IW plasma concentrations in the normotensive 

human volunteers was only in the range of 2-3 nmol/L (Kaiser et al., 2016). More recent studies 

using 5, 10 and 50 g of MPH (containing 5.01 ± 0.28 mg IW per 1g MPH) showed a higher, 

dose-dependent increase in IW plasma concentration (cmax - 12.5 ± 8.4 nmol/L, 19.8 ± 5.3 

nmol/L and 99.1 ± 58.7 nmol/L, respectively) albeit with marked inter and intra-individual 

variabilities (Martin et al., 2019). These inter- and intra-individual variabilities are discussed to be 

due to the differences in the further release of IW due to the differential plasma and 

gastrointestinal enzyme activities among volunteers (Martin et al., 2019). However, differences 

in IW stability in blood also contribute to these variabilities, as shown by Khedr et al., (Khedr et 

al., 2015). Hence, IW bioavailability studies showed very low IW plasma concentrations in the 

nanomolar range after oral intake (Kaiser et al., 2016; Martin et al., 2019). Thus, the ACE 

inhibitory effects, which according to in-vitro measurements, requires IW concentration in the 

micromolar range, cannot simply be explained by a direct inhibition with the dipeptide 

concentrations quantified in plasma thus setting the need to investigate this further. 

 

1.5. Pathway of orally ingested peptides 

 

To better understand this very low IW plasma concentration, it will be helpful to observe the 

pathway of orally ingested peptides to the bloodstream. The basic pharmacokinetic principle of 

liberation, absorption, distribution, metabolism and excretion (LADME) can be used to illustrate 

how the body may process a bioactive peptide (Figure 3). Upon ingestion of a protein 

hydrolysate, the availability of peptides and amino acids is influenced by the rate of gastric 

transit, intestinal motility, luminal hydrolysis and mucosal absorption (Power et al., 2013). Gastric 
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transit is three times slower than trans-mucosal transfer making it the rate limiting step in the 

bioavailability of peptides (Power et al., 2013). In the intestines, amino acids can be transported 

across the brush border membrane of intestinal epithelial cells either in their free form by a 

variety of different amino acid transporters or in the form of di - and tri-peptides by the broad 

specificity peptide transporter, PepT1 (Gilbert et al., 2008). Direct peptide transport across the 

intestinal epithelium can also occur transcellularly (via transcytotic vesicles) as shown for the 

natural bioactive decapeptide YWDHNNPQIR (Xu et al., 2017) or paracellularly (in between cells 

via tight junctions) as shown for the ACE inhibitory peptides IPP and VPP (Foltz et al., 2008) and 

the pentapeptide QIGLF (Ding et al., 2014). 

PepT1 is expressed and localized at the brush border membranes of the small intestines and 

kidney (Terada et al., 1999). It operates as an electrogenic proton/peptide symporter with the 

ability to transport di- and tripeptides. PepT1 also allows the transport of aminocephalosporins, 

aminopenicillins, selected angiotensin-converting inhibitors and amino acid-conjugated 

nucleoside-based antiviral agents. The PepT1 transporter is also present in the Caco-2 cell lines 

(Daniel, 2004). The Caco-2 cell line is a human colon carcinoma cell line that slowly 

differentiates into monolayers with a differentiated phenotype with many functions of the small 

intestinal villus epithelium in culture. Caco-2 cell monolayers are commonly used to elucidate 

drug permeability and transport mechanisms, as many of the brush border enzymes and 

transport proteins that mediate the active uptake or efflux of drugs in the intestine are functional 

in Caco-2 cells (Hubatsch et al., 2007). Once in the intestine, peptides are acted upon by the 

intestinal brush borders and epithelial cell peptidases. Peptides must therefore have sufficient 

stability to reach their target site intact. A bioactive peptide may not need to be absorbed in 

order to elicit the bioactive function. Binding to an intestinal receptor may be sufficient to trigger 

the bioactive response (Power et al., 2013).  

Human blood also contains a large number of serum peptidases, which can further hydrolyse 

the absorbed bioactive peptide and reduce activity (Power et al., 2013). Thus, with a few 

exceptions most peptides have less than 1% oral bioavailability (Di, 2015). Once in the 

circulation, peptides have a rapid clearance and short half-life due to enzymatic proteolysis 

or/and renal clearance (Di, 2015). The glomeruli have a pore size of ∼8 nm, and hydrophilic 

peptides with molecular weight less than 2–25 kDa are susceptible to rapid filtration through the 

glomeruli of the kidney. Thus, the peptides are not easily reabsorbed through the renal tubule 

and they frequently have high renal clearance and short half-life (Di, 2015). 
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Figure 3: Schematic image of bioactive peptides pharmacokinetics (modified from Power et 

al., 2013). 

This suggests that IW could potentially be acted upon by the many enzymatic actions that it 

encounters during its transit from their point of ingestion to its appearance in the bloodstream. 

More interesting will be the behaviour of the peptide in the gastrointestinal tract and its 

absorption from the intestines. This can help to know if the dipeptide IW gets absorbed fully and 

intact into the blood stream or if it is degraded there. Thus, a good understanding of what led to 

the very low IW plasma concentration will be very helpful in understanding the mechanism of IW 

action and in general create a better understanding of the absorption and distribution of 

bioactive peptides after oral ingestion. 
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1.6. Approaches to investigate intestinal absorption 

Generally, there are three main approaches that have being used to assess and investigate 

intestinal absorption from literature. First is the in-vitro approach, which basically involves 

culturing intestinal cells, for example Caco-2 cells, derived from human adenocarcinoma cells on 

a monolayer. It is the most commonly used method to investigate intestinal absorption and good 

for transport studies of di- and tripeptides (Shimizu et al., 1997; Hubatsch et al., 2007), but it 

lacks other intestinal components such as the inner mucosa layer and doubts remain about the 

applicability of data gotten from such experiments to the actual in-vivo situation  (Verhoeckx, K., 

Cotter, P., López-Expósito, I., Kleiveland, C., Lea, T., Mackie, A., Requena, T., Swiatecka, D., 

Wichers, 2015). Second is the ex-vivo approach. Examples include the ex-vivo Ussing chamber 

and everted gut sac (Luo et al., 2013). This involves using whole or parts of intestines in an ex-

vivo setting. They offer more flexibility and the intestinal parts retain characteristics of normal 

intestines when freshly used  (Mateer et al., 2016). Also, in addition to intestinal drug transport, 

intestinal drug metabolism can also be studied. However, interruptions to blood supply and 

nervous system may sometimes affect estimations (Luo et al., 2013) and there are also not 

many detailed literature on the methodology which makes the transferability and reproducibility 

of these methods difficult.  

The third approach is the in-vivo approach such as the in-situ intestinal perfusion. It involves life 

animal experiments and this offers a more accurate estimation but it is very rarely used and it 

also requires sophisticated surgical procedures and instrumentations (Luo et al., 2013).  Also, 

there is a lack of detailed literature on the methodologies. Thus, due to the difficulties with the 

implementation and utilization of the ex-vivo and in-vivo approach, the cell culture approach is 

still the most commonly used method to assess and investigate intestinal absorption despite its 

many disadvantages. 
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2. Aims 

 

Hypertension remains the major preventable cause of cardiovascular diseases and deaths 

globally (Williams et al., 2018). However, specific prevention is currently lacking leaving at risk 

populations in our society with a high progression rate to the full disease. Natural food peptides 

with anti-hypertensive effects such as Isoleucine-Tryptophan (IW), could serve as a specific 

preventive intervention for this disease. The natural peptide IW has been shown from several 

studies to be a potent ACE inhibitor and to cause antihypertensive effects in spontaneous 

hypertensive rats. Human studies also showed plasma ACE inhibitory effect after oral intake of 

the peptide. However, the quantified plasma concentrations after oral intake were too low to 

explain this decrease in ACE activity with a single inhibition. It is known that orally taken IW has 

to encounter the gastrointestinal tract on its way to the bloodstream. However, the details of this 

interaction which could help to understand the in vivo situation are completely unclear thus 

setting the need to investigate this in detail. Thus, the aim of this project will be as follows:  

a. Ex-vivo investigation of the intestinal absorption of IW using a mouse intestinal 

perfusion method. 

b. Assessment of intestinal stability of IW using intestine-peptide co-incubation 

experiments. 

c. Assessment for possible absorption of IW from other parts of the gastrointestinal tract 

(oral mucosa, stomach) in humans. 
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3. Materials and methods 

 

3.1.  Materials, chemicals and equipments 

 

   Materials      Manufacturer 

1. Physiological saline solution (PSS) 

a. 6.95g/L NaCl     Roth, Karlsruhe, Germany 

b. 0.35g/L KCl     Applichem, Darmstadt, Germany 

c. 0.14g/L anhydrous MgSO4   Sigma, Steinheim, Germany 

d. 0.16g/L KH2PO4     Merck, Darmstadt, Germany 

e. 2.10g/L NaHCO3     Merck, Darmstadt, Germany 

f. 0.99g/L anhydrous Glucose    Merck, Darmstadt, Germany 

g. 0.01g/L EDTA salt     Sigma, Steinheim, Germany 

h. 0.37g/L Calcium Chloride dihydrate    Sigma, Steinheim, Germany 

 

2. Harvard apparatus syringe pump.   Holliston, U.S.A 

3. 50 ml perfusor syringe    Braun, Melsungen, Germany 

4. LAUDA heating system     Lauda-Koenigshofen, Germany 

5. HPLC system -Waters Alliance 2695   Waters, Eschborn, Germany 

6. Caffeine      Sigma, Steinheim, Germany 

7. Isoleucine-Tryptophan    Bachem, Bubendorf, Switzerland 

8. CLARIOstar microplate reader.   BMG Labtech, Germany. 

9. S-Monovette tubes with EDTA/ trisodiumcitrate Sarstedt ,Nuembrecht, Germany 

10. 96 well micro test plates        Sarstedt ,Nuembrecht, Germany 

11. 4% Formaldehyde solution    SAV, Feldkirchen, Germany 

12. Microm STP 420 D dehydration/infiltration unit Thermofisher, Walldorf,  Germany 

13. Haematoxylin      SAV, Flintsbach am Inn, Germany 

14. Eosin       UniKlinik Apotheke, Dresden,              

       Germany 

15. Depex mounting medium    Serva, Heidelberg, Germany 

16. Axiocam 506c imaging    Zeiss, Jena, Germany 

17. Cellstar 6 well cell culture plates       Greiner, Frickenhausen, Germany 

18. Captopril       Sigma, Steinheim, Germany 



24 

19. Ethylenediaminetetraacetic acid (EDTA)  Sigma, Steinheim, Germany 

20. Bestatin      Sigma, Steinheim, Germany 

21. Cilastatin       Sigma, Steinheim, Germany 

22. Actinonin       Sigma, Steinheim, Germany 

23. Zofenopril      Sigma, Steinheim, Germany 

24. SiLibeads Type Z-Y 14-16mm   SiLibeads, Warmensteinach,   

       Germany 

25. Ripa buffer      Sigma, Steinheim, Germany 

26. Precellys 24 Tissue homogenizer   Bertin, Montigny-le-Bretonneux,  

       France 

27. Pierce BCA Protein Assay Kit    Thermoscientific, Rockford, U.S.A 

28. Dithiothreitol      AppliChem, Darmstadt, Germany 

29. 10 % SDS-polyacrylamide gel for Western blot: 

a.30 % Acrylamide    Serva, Heidelberg, Germany  

B.1.5 M Tris pH 8.8 

c.10 % Sodium dodecyl sulphate  Roth, Karlsruhe, Germany 

d. Tetramethylethylenediamine 

e.10 % Ammoniumperoxodisulfate  Merck, Darmstadt, Germany 

30. Nitrocellulose membrane    Whatman, Dassel, Germany 

31. Semi-dry transfer system    Bio-rad, Feldkirchen, Germany 

32. Ponceau staining 

33. 5% dry Milk       Roth, Karlsruhe, Germany 

34. Tween 20      Serva, Heidelberg, Germany 

35. Anti- DPEP1 (Renal) antibody   Antibodies Online, Aachen, Germany 

36. CD13 rabbit polyclonal antibody   Proteintech, Manchester, U.K 

37. Peroxidase-conjugated goat anti-rabbit IgG  Jackson, USA 

38. ECL solution      Thermoscientific, Rockford, U.S.A 

39. Anti-Angiotensin Converting Enzyme 1 antibody Abcam, U.K 

40. ACE1 (human) (CT) polyclonal antibody  Enzo, Lorrach, Germany 

41. DakoReal peroxidase blocking solution  Dako, Denmark 
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42. Biotinylated anti-rabbit secondary antibody  Vector, Eching, Germany 

43. AEC substrate kit peroxidase solution  Vector, USA 

44. Hippuryl-L-Histidyl-L-Leucine (HHL) substrate Bachem, Bubendorf, Switzerland 

45. Hydrochloric acid     Uni Klinik Apotheke, Dresden,  

       Germany 

46. Mucin from porcine stomach, Type III  Sigma, Steinheim, Germany 

47. Pepsin crystalline     Sigma, Steinheim, Germany 
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3.2. Ex-vivo intestinal perfusion method (EIPM) 

 

The EIPM was designed to study and investigate the intestinal absorption of small peptides. It 

involves the perfusion of freshly taken intestines with physiologic buffer and conditions to 

simulate the physiologic intestine. A piece of intestine (10 cm long) is attached to a system that 

allows for continuous perfusion and drainage from the intestine. Test substances are given at 

the input where they flow through the lumen of the intestinal tissue from where they are either 

absorbed through the intestinal epithelium to the surrounding buffer or flow out through the 

outflow (Fig.4). Samples are taken from the luminal outflow and from the surrounding buffer and 

analyzed to get an estimate of substance absorption. 

 

Figure 4: Schematic diagram of the EIPM setup. 

 

3.2.1. Establishment of the EIPM apparatus 

 

Animal protocols were approved by the Landesdirektion Dresden (permission no: TVT 3/2018) 

and were in accordance to NIH regulations. Male mice, 10-12 weeks old were fasted overnight 

to reduce food load during experiment before being anaesthetized with ketamine xylacin (0.1 

mg/10 g body weight intraperitoneally). The intestinal tract was removed from the lower part of 

the stomach to the anal verge. The mesenteries were removed and the intestines transferred 

immediately to pre-oxygenated (95% O2 / 5% CO2) physiological saline solution (PSS) medium 

([1] - refers to number on list of materials given above). A 2 ml syringe filled with PSS buffer was 

used to flush the remnant food contents from the intestinal tissue. Further flushing was done 
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when necessary, until the intestine was completely free of food contents. Ten centimeters 

jejunum length was extracted and attached to the end of the perfusion system using small tubes 

held together with a small piece of thread.  

The EIPM apparatus is a perfusion system consisting of a pump [2] with a buffer filled syringe [3] 

attached to it. Connecting tubes were attached to the syringe end to deliver the buffer to the 

intestine being perfused. The intestine itself is placed in a glass filled with 50 mL of pre-

oxygenated PSS medium [1]. The medium is bubbled with carbogen gas (95% O2/ 5% CO2) 

continuously during the experiment. Also attached to the apparatus is a heating system [4] 

maintained at 37 °C to simulate normal internal temperature.  

  

 

Figure 5: The EIPM apparatus 

 

During the whole experiment, a defined flow rate (0.5 or 0.2 or 0.1 or 0.05 mL/min depending on 

the experiment protocol) was set. One milliliter volume of the test compound with known 

Carbogen Source 

5% CO
2
 + 95% O

2
 

Heating system 

Temp – 37°C  

Input  

 Pump 

Intestinal Outflow 

Absorbed contents 
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concentration is then injected at the input end of the apparatus to flow through to the intestine. 

At defined time points after start of experiment, samples are taken both from the intestinal 

outflow and the external medium (absorbed contents) until the end of the experiment. The 

volume taken from the external medium was replaced instantly to prevent hyper-concentration 

due to false volume–loss. Samples taken were then analysed by high-performance liquid 

chromatography (HPLC) with UV and fluorescence detection [5] for caffeine, IW and WL [6, 7] 

and spectrophotometrically [8] for erythrocytes. From the results, the change in concentration of 

the test substances in both the absorbed and outflow contents per time was plotted in a graph.   

 

3.2.2. Extraction and measurement of erythrocytes  

 

Human erythrocytes were used as controls in the test for absorption using the EIPM. Blood 

samples were collected from volunteers by venipuncture and stored in S-Monovette tubes 

containing EDTA [9]. Samples were centrifuged at 1500 g at 4 °C for 20 min. Subsequently, 100 

µL of the pellet was lysed with 100 µL bi-distilled water and let to stand for 20 min. The resulting 

solution was further diluted with 100 mL of bi-distilled water. 

One milliliter of the resulting erythrocytes solution was then applied to the running EIPM system 

at flow rate of 0.2 mL/min to test for absorption of erythrocytes. A CLARIOstar microplate reader 

[8] was used to detect the changes in concentration of erythrocytes when testing for its 

absorption through the EIPM. Two hundred microliters of samples obtained from experiments 

was placed into micro test plates [10] and absorbance was read at a wavelength of 410 nM.  

 

3.2.3. Measurement of caffeine and tryptophan containing peptides 

Caffeine [6] was also used as a control in the test for absorption with the EIPM before 

subsequently testing with IW. One milliliter of caffeine solution (500 µmol/L) was applied to the 

running EIPM system at flow rate of 0.2 mL/min to test for the absorption of caffeine. Similarly, 1 

mL of IW solution (500 µmol/L) was applied to a running EIPM system at flow rate of 0.2 mL/min 

to test for the absorption of IW. The absorption of Tryptophan-Leucine (WL) was also tested with 

the EIPM. One milliliter of WL solution (500 µmol/L) was applied to a running EIPM system at 

flow rate of 0.5 mL/min to test for the absorption of WL. The samples obtained were stored at -

20 °C until further analysis with HPLC. 
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3.2.4. Hematoxylin and Eosin (H&E) staining for intestinal tissue viability 

 

This procedure was used to examine and compare the viability of the intestinal tissue before and 

after EIPM perfusion. Intestinal tissues fixed with 4% formaldehyde solution [11] were 

dehydrated with the Microm STP 420 D dehydration/infiltration unit [12] at the Biotec core facility 

technology platform, Dresden. The samples were later embedded in paraffin and cut into 5 µm 

sections which were placed onto glass slides. Glass slides containing cut sections were 

incubated at 60 °C overnight. The paraffin was removed by inserting samples in xylene solution 

3 times for 5 min each. The sections then were hydrated with a series of ethanol treatments 

(100, 96, 70, and 40%) for 2 min each. Afterwards the sections were stained with ready to use 

hematoxylin solution [13] for 15 min. Sections were washed in distilled water and later stained 

with 1% eosin solution [14] for 2 min each. Sections were washed again in distilled water and 

dehydrated with a series of ethanol treatment (40, 70, 96, and 100%) for 2 min each. Finally, 

sections were fixed with xylene three times 5 min each and embedded using DePeX [15]. 

Stained sections were imaged using Axiocam 506c imaging [16]. 

 

3.2.5. High performance liquid chromatography (HPLC) analysis 

This equipment was used to measure and analyze caffeine, IW, WL and ACE activity in the 

buffer samples collected in experiments. For analysis of compounds, samples were centrifuged 

at 10500 g for 15 min at 4°C to allow for sedimentation of particles. Twenty microliters samples 

were injected into the HPLC system equipped with an UV-detector (Waters 2487, λ = 228 nm 

and λ = 280 nm) and fluorescence detector (Waters 2475, (λex = 280 nm and λem = 355 nm) 

using a Waters XBridge RP18 column (5 μm, 150 x 4.6 mm) [5]. Starting conditions were bi-

distilled water containing 0.15% H3PO4 (solvent A) and methanol containing 0.15% H3PO4 

(solvent B) at a flow rate of 1 mL/min. Elution was achieved by a gradient of solvent B as follows: 

3 to 56% in 9 min, 56 to 97% in the next 4 min, 97 to 3% in the following 5 min. Re-equilibration 

was held for 3 min at 3% solvent B. Total run time was 21 min. For the EIPM experiments, 

elution of caffeine was after 7.0 min, IW after 9.2 min, WL after 9.6 min and tryptophan after 7.3 

min of run with total run time of 21 min. For the ACE activity experiments, elution of hippuric acid 

was after 9.2 min of run with total run time of 21 min.   

For the co-incubation and inhibition experiments, a longer HPLC run time was necessary to 

realise a clear base line separation of several different substances. Starting conditions were bi-
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distilled water containing 0.15% H3PO4 (solvent A) and methanol containing 0.15% H3PO4 

(solvent B) at a flow rate of 1 mL/min as previously done but this time, elution was achieved by a 

gradient of solvent B as follows: 3 to 35% in 37 min, 35 to 97% in the next 5 min, 97 to 3% in the 

following 2 min. With these running conditions, tryptophan was eluted after 14 min and IW after 

21 min with total run time of 46 min. The area under the curve of each peak was measured using 

the Empower 2 build 2154 software and related to the area under the curve of known standards. 

By this, the respective unknown concentrations of the substances of interest were calculated. 

 

3.3. Intestine-peptides co-incubation experiment 

This procedure was used to further investigate the degradation of IW and WL in the intestinal 

tissues. Mice jejunum was removed from the body as described above. The tissue was then cut 

into small 1 cm long pieces for the experiments. A 1 cm length of intestinal tissue is placed in a 6 

well microplate [17] filled with 2.5 mL of PSS buffer [1], and 0.5 mL of IW solution or WL solution 

(500 µmol/L) (Fig.6). The experiment was repeated again with addition of the following inhibitors: 

captopril (125 nmol/L final concentration), EDTA (250 µmol/L final concentration), bestatin (56 

µmol/L final concentration), cilastatin (5 mmol/L final concentration), actinonin (1 mmol/L final 

concentration), and zofenopril (1 mmol/L final concentration) [18, 19, 20, 21, 22, and 23]. In the 

case of an inhibitor or inhibitor mix, the inhibitor was then first incubated with the jejunal tissue 

for 10 min prior to IW addition. After the 10 min time period, IW was added and placed in the 

incubator at 37 °C. At specific time periods (0, 5, 10, 20, 30 min after the addition of the peptide), 

50 µL buffer was taken out of the plates and stored at -20 °C until further analysis with HPLC. IW 

stability in buffer experiments were also performed by adding 0.5 mL IW dissolved in PSS buffer 

(500 µmol/L) to 2.5 mL PSS buffer without intestines to test for the stability of IW in the PSS 

buffer only. 
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Figure 6: Schematic diagram for co-incubation experiments. 

 

3.4. Tissue Homogenization 

This procedure was used to lyse and dissolve intestinal tissues as well as liver and kidney for 

quantification and identification of membrane dipeptidase (DPEP1) and aminopeptidase N 

(APN). Intestinal tissue homogenization was also done to investigate whether IW or tryptophan 

gets attached to the tissue wall after co-incubation with intestines and therefore may be 

recovered from the tissue extract (see chapter 4.2). Weighed tissue segments (approximately 

100 mg) were washed and cleaned with PSS buffer and placed in 2 mL micro tubes, containing 

1.5 g of SiLibeads [24] and 1 mL of Ripa buffer [25] plus 1 mmol/L EDTA solution. The resulting 

mixture was then placed in a tissue homogenizing system [26] to run at 5000 g for 30 s twice 

with a 5 s interval in-between. The resulting foamy solution was placed on ice and allowed to 

subside for 10 min. Afterwards the solution was centrifuged at 3000 g for 15 min at 4 °C 

temperature to allow for further sedimentation of the samples. The clear supernatant was then 

taken out and stored at -80 °C until further analysis. 
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3.5. Western blot 

This procedure was used to confirm the presence of DPEP1 and APN in the intestines as well as 

controls in liver and kidney, respectively. Protein concentration was determined by the 

bicinchoninic acid assay (BCA assay) method using commercially available kits [27]. 

Homogenized samples were mixed with bromophenol blue premixed with 15.4 mg/1000 µL DTT 

[28] and heated at 95 °C for 5 min. Afterwards, 25 µg of total protein per well was pipetted onto 8 

% polyacrylamide gels [29] for electrophoresis at 80 V initially for 30 min then 120 V for 1 h. After 

electrophoretic separation, gels were transferred onto nitrocellulose membrane (0.2 mm) [30] 

using a semi-dry transfer system [31] at 20 V for 45 min. Confirmation of protein transfer from 

the gel to membrane was done with Ponceau staining [32] which showed many different bands. 

Afterwards, blocking was done by incubating the membrane with 5% dry milk dissolved in 0.1% 

TBS-Tween buffer [33,34] for 1 h followed by incubation in primary antibodies - (anti-dipeptidase 

(renal) (DPEP1) [35] 100 µg/50 µL at dilution of 1:900 and CD13 (APN) [36] 3 µg/20 µL at 

dilution of 1:900 overnight at 4°C. Afterwards, the membrane was washed three times with 0.1% 

TBS-Tween at 10 min intervals and then incubated in peroxidase conjugated goat anti-rabbit 

secondary antibody 0.8 mg/mL at a dilution of 1:1000 [37] for 1 h at room temperature. The 

membrane was washed again three times in TBS-Tween as described above and fluorescence 

was developed using ECL solution [38]. Visualization of fluorescence signals was done using a 

Fusion FX7 imaging system. Analysis of bands was done with Image J software. 

Western blot was also done to identify the ACE protein in intestines. Protein concentration was 

determined by BCA assay and 60 µg of total protein per well was pipetted onto the gel (same 

preparation as used before; see [29]) for gel electrophoresis. In this case, the primary antibody 

used was Anti-Angiotensin Converting Enzyme 1 antibody 1 mg/mL at a dilution of 1:1000 [39] 

and ACE1 (human) (CT) polyclonal antibody 100 µg/100 µL at a dilution of 1:1000 [40]. 

 

3.6. Immunohistochemistry 

This procedure was used to identify and localize the presence of the enzymes DPEP1 and APN 

in the intestinal tissues. Intestinal tissues were prepared as described in 3.2.4 above. Glass 

slides containing cut tissue sections (7 µM for intestines and 5 µM for kidney and liver) were 

deparaffinised with Roticlear three times for 5 min each and later rehydrated with decreasing 

concentrations of ethanol from 100 / 95 / 80 / 70% and PBS for 3 min each. Antigen retrieval 
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was done by placing the glass slides in boiling citrate buffer solution for 10 min. Afterwards, 

slides were cooled at room temperature for 30 min and peroxidase blocking was done 

afterwards using ready to use peroxidase blocking solution [41] for 10 min. The slides were 

washed afterwards in PBS solution with 1% Tween and further blocking was done for 20 min. 

The primary antibodies - (anti-dipeptidase (renal) (DPEP1) [35] 100 µg/50 µL at a dilution of 

1:100 and CD13 (APN) [36] 3 µg/20 µL at a dilution of 1:100 were added afterwards and 

incubated at 4 °C overnight. The slides were washed and the secondary antibody (one drop of 

biotinylated anti-rabbit IgG added to three drops of blocking solution) [42] was added and 

incubated for 1 h at room temperature. Afterwards, the slides were developed with AEC 

peroxidase solution [43] and monitored under the microscope. Counterstaining with 

haematoxylin was done for 30 – 45 s before the slides were mounted with bi-distilled water 

based mounting medium. 

 

3.7. ACE activity in intestines 

 

ACE activity was assessed in intestinal tissues after incubation with IW. For ACE activity in 

intestines, 1 cm long intestinal tissues were first co-incubated with IW for 30 min while controls 

were not. Afterwards, the intestinal tissues were taken out and homogenized as described 

above. Sixty microliters of the homogenized intestinal tissue solution (diluted to a ratio 1:5 with 

PBS), was then co-incubated with 100 µL of the ACE specific substrate – hippuryl-L-histidyl-L-

leucine (HHL) 5 mmol/l [44] (which is degraded by ACE into hippuric acid and histidyl-leucine) 

and with either 25 µL of PBS or captopril (1 µmol/L), added to the assay and incubated at 37°C 

for 1 h. After 1 h, the reaction was stopped with 190 µL HCl (0.33mol/L) [45]. The samples were 

stored at -20°C until analysis with the HPLC. 

 

3.8. IW stability in plasma 

 

Human blood samples for analysis of IW plasma stability were collected by venepuncture while 

animal blood samples were collected by heart puncture. Blood samples were collected into S-

Monovette tubes containing trisodiumcitrate [9] and centrifuged at 1500 g at 4°C for 20 min. The 

plasma supernatant was then collected and stored at -20°C until further analysis with HPLC. 

Stability of IW in plasma was done as described by Khedr et al. (2015). In brief, IW solution (final 
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concentration of 100 µmol/L) was incubated with 100 µL of PBS and 60 µL of plasma for 1 h. 

Afterwards, the reaction was stopped with 190 µL HCl (0.33mol/l) [45]. The samples were stored 

at -20°C until further analysis with HPLC. The experiment was done with plasma of different 

species – human, rat and mice and also with inhibitors for membrane dipeptidase, 

aminopeptidase W and N (cilastatin (5 mmol/L final concentration), actinonin (1 mmol/L final 

concentration), and zofenopril (1 mmol/L final concentration) all dissolved in PBS) in the human 

plasma samples. 

 

3.9. Simulated gastric digestion of IW and placebo capsules. 

 

Simulation of gastric digestion was done to assess and confirm gastric juice resistance and 

gastric juice sensitivity in the IW and placebo capsules used for the absorption studies in 

humans. Gastric juice was simulated as described by Hagemann (2016). Mineral gastric juice 

was first prepared by mixing 290 mg NaCl, 70 mg KCl and 27 mg KH2PO4 with bi-distilled water 

up to 100 mL in a measuring cylinder. Synthetic gastric juice was subsequently prepared by 

adding 5 mg pepsin [46] and 10 mg mucin [47] to a 25 mL volume of the mineral gastric juice 

prepared. The pH of the solution was then adjusted with 1 M HCl to 2.0. Gastric juice resistant 

and gastric juice non-resistant capsules containing 50 mg of IW powder plus cellulose 

(necessary filling material) and gastric juice resistant and gastric juice non-resistant capsules 

containing 50 mg of whey powder plus cellulose were then incubated in 5 mL of the synthetic 

gastric juice for 120 min at 37 °C under continuous shaking. At various time intervals 0, 10, 30, 

60, 90 and 120 min, 50 µL were taken from the solution and the reaction was stopped by heating 

at 95 °C for 5 min. The samples were stored at – 20 °C until further analysis with HPLC. 

 

 

3.10. IW stability in human saliva 

 

This experiment was done to assess the stability of IW in human saliva. Resting or unstimulated 

whole saliva samples were obtained from healthy volunteers by the draining method (Priya and 

Prathibha K, 2017). These samples were collected into 50 mL falcon tubes and stored at -20°C 

until further use. To test for IW stability in saliva, 750 µL of saliva was mixed with 500 µL of PBS 

and 250 µL of IW solution (500 µmol/L dissolved in PBS) in a six well plate and incubated for 30 

min. At various time intervals 0, 2, 5, 10, 20 and 30 min, 50 µL were taken from the solution and 
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heated at 95 °C for 5 min to stop the reaction. The samples were then stored at – 20 °C until 

further analysis with HPLC. 

 

3.11. IW absorption studies in humans 

 

IW absorption in humans was done to expand our knowledge on the bioavailability of IW as 

previous studies provide limited information. All subjects gave their written consent before pre-

study screening. The study was approved by the Ethics Committee of the Medical Faculty of 

Technische Universität Dresden, Germany (EK 323082018). Preconditions for participation in 

the study were absence of chronic and current diseases related to gastrointestinal tract and 

metabolism, no use of medication (except contraceptives), drug use or pregnancy. Blood 

pressure values had to be < 140 mmHg systolic and < 90 mmHg diastolic. All subjects gave their 

written informed consent before the study and the participants remained fasting 2 h before and 

throughout the study period and were allowed to drink water or tea (except black and green tea), 

exclusively. The volunteers were required to rest and avoid stressful work and situations during 

the study time. Blood samples were collected by venepuncture. Volumes of 2.7 mL in EDTA [9] 

tubes for analysis of peptide concentrations in plasma and 3 mL in citrate tubes [9] for ACE 

activity were taken at fixed intervals as shown in table 2 below. 

Table 2: List of interventions and their sampling time points 

                    List of interventions and their sampling time points 

Sublingual IW 

application 

Gastric juice non-

resistant IW 

capsules 

Gastric juice 

resistant IW 

capsules 

IW dissolved in 150 

mL water 

0 min 0 min 0 min 0 min 

2 min 2 min 15 min 2 min 

5 min 5 min 30 min 5 min 

10 min 10 min 60 min 10 min 

15 min 15 min 90 min 15 min 

20 min 20 min 120 min 20 min 

30 min 30 min 150 min 30 min 
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60 min 60 min 180 min 60 min 

90 min 90 min 210 min 90 min 

120 min 120 min 240 min 120 min 

180 min 180 min  180 min 

 

The study protocol of compound application was as follows: 

a) Intravenous catheter insertion and initial blood sample collection – time zero. 

b) For the sublingual absorption, approximately 50 mg of IW powder is kept under the 

tongue for 10 min. Five milliliter of drinking water is taken immediately afterwards to 

aid with dissolution of the drug. After 10 min, the resulting solution (with dissolved 

drug) was then swallowed with 40 mL of drinking water. For gastric and intestinal 

absorption, IW gastric juice non-resistant and IW gastric juice resistant capsules were 

given, respectively, and swallowed with approximately 150 mL of water thereafter. 

The resulting solution was swallowed to simulate the conditions when administering 

food supplements or nutraceuticals. For the IW drink, approximately 50 mg of IW 

powder was dissolved in 150 mL of drinking water. 

c) Venous blood samples (2.7 mL EDTA and 3 mL citrate) were collected at various 

time intervals during the study. These sampling times are shown in table 2 above. 

d) For peptide quantification, blood samples collected in EDTA tubes [9] were 

centrifuged at 1500xg for 20 min at 4 °C. Subsequently, the supernatants were 

aliquoted into 1 mL tubes and 250 μL of fresh plasma were mixed with 50 μL of 

internal standard solution mix (48 nM of 13C15N-IW and 13C15N-WL) and stored at − 80 

°C until further analysis.  

e) For ACE activity assay, blood collected in citrate tubes [9] was centrifuged at 1500 x 

g for 20 min at 4 °C. Subsequently, the supernatants were aliquoted into 1 mL tubes 

and stored at − 80 °C until further analysis. 
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3.12. Liquid chromatography electrospray ionisation-tandem mass spectrometry 

(LC-ESI-MS-MS method). 

 

This procedure was used to quantify IW concentrations from plasma obtained from the human 

study. The procedure and protocol used were done as described by (Kaiser et al., 2016), in 

cooperation with the Chair of Food Chemistry, TU Dresden, Prof. Henle. 

 

3.13. ACE activity in Plasma. 

Plasma ACE activity was also measured in the blood samples obtained from the human 

volunteers after IW intake. Before any intervention, the KM value for the hippuryl-histidyl-leucine 

(HHL) substrate was determined in each volunteer and used for subsequent analysis. Thus, 

substrate concentrations were always adjusted to the individual plasma KM. Thirty microliters of 

human plasma collected in citrate tubes was added to 100 µL of the ACE specific substrate – 

HHL and incubated at 37 °C for 60 min. After 60 min, the reaction was stopped by adding 190 

µL HCL (0.33 mol/L). The samples were then stored at – 20 °C until further analysis with HPLC. 
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4. Results 

4.1. Absorption studies using the EIPM 

 

4.1.1. Absorption of control substances using the EIPM 

To test and validate substance absorption using this method, caffeine and erythrocytes were 

tested as positive and negative control substances respectively (figure.7). Caffeine, in 

consistence with literature, permeates through the intestinal wall (CDER/FDA, 2015) while 

erythrocytes, because of their big size (diameter of 7.0 – 7.9 µm (Persons, 1929)) flow through 

the intestine unabsorbed. 

a.      c. 

      

b.      d. 

     

Figure 7: Concentration-time curves of a. intestinal outflow of caffeine, b. absorbed 

caffeine contents, c. intestinal outflow of erythrocytes; d. absorbed erythrocytes 

contents, Flow rate = 0.2 mL/min, N=3. Data is given in mean +/- SD.  
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Figure 7a shows the outflow of caffeine. Although this substance, according to literature is highly 

permeable, with the used flow rate in our experiment (Flow rate = 0.2 mL/min), 81.0 +/- 4.4% of 

the caffeine given was quantified in the outflow again. From figure 7b) only 13.6 +/- 2.1% was 

found in the surrounding buffer bath, so was absorbed and permeated the intestinal wall. The 

mass balance (% outflow + % absorbed) found 94.6 +/- 5.9% caffeine in this experiment, which 

shows that nearly the whole amount of substance was quantified. Figure 7c & d shows the 

outflow and absorbed content curve for erythrocytes, respectively. With the same flow rate as 

used in the caffeine experiments (0.2 mL/min), 99.1 +/- 16% of erythrocytes was recovered from 

the outflow segment and as expected nothing was absorbed through the intestine. Hence, the 

EIPM, as demonstrated above, showed the physiological absorption processes easily and could 

therefore be used to examine the intestinal absorption of substances. Furthermore, the mean 

transit time for erythrocytes (70 min) was longer than that for caffeine (60 min). This could be 

explained to be due to the erythrocytes flowing slowly than the very small caffeine molecules 

due to their big size (diameter of 7.0 – 7.9 µm (Persons, 1929)). 

 

4.1.2. Influences of different flow rates on absorption rate of caffeine 

As previously shown that about 14% of the caffeine given was absorbed through the used setup, 

we further investigated the influences of different flow rates on our absorption rates. To analyze 

this point, we used different flow rates (0.5, 0.2, 0.1 and 0.05 mL/min) and examined the outflow 

and absorbed content of caffeine. The results of this study are shown in figure 8. 

  

Figure 8:  Influences of different flow rates (0.5 mL/min - 0.05 mL/min) on the absorption 

of caffeine; N= 3; data is given in mean +/- SD. 



40 

The results showed that reducing the flow rate resulted in increased percentage absorption for 

caffeine. The lowest flow used, 0.05 mL/min, yielded a percentage absorption of 35.8 +/- 8.2% 

which is almost twice that compared to the absorption rate using a two times higher flow rate of 

0.1 mL/min (19.6 +/- 5.0%). Thus, the absorption is dependent on the used flow rate with lower 

flow rates allowing for more substances to be absorbed. Thus absorption of caffeine in this set 

up is barrier limited. 

 

4.1.3. Examination of intestinal tissue viability via tissue staining 

To examine if our experimental setup caused any adverse effect on the intestinal tissue after 

EIPM perfusion, which may have influenced the intestinal absorption, hematoxylin and eosin 

(H&E) tissue staining was done with unperfused intestine and intestinal tissue after 4 hours of 

EIPM perfusion.  

a.            b. 

         

 

Figure 9: Hematoxylin and eosin (H&E) staining of (a) unperfused and (b) perfused 

intestinal tissue segments. 

The unperfused intestinal tissue showed the individual intestinal cells with clear lumen (figure 

9a). Compared with that of intestinal tissue after 4 hours of perfusion, (figure 9b) edematous 

intestinal cells with some release of cellular components into the luminal space is seen. 

However, the structural integrity of the majority of the intestinal cells was still preserved.  
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4.1.4. Absorption of tryptophan containing peptides using the EIPM 

Having tested and validated the EIPM with control substances – caffeine and erythrocytes, we 

then proceeded to test for the absorption of the tryptophan containing dipeptides IW and WL 

using the EIPM approach. This time, we ran a solution of IW through the EIPM and the results 

are shown below in figure 10. 

 

a. 

 

 

b. 

 

 

 

Figure 10: EIPM flow experiments for the antihypertensive dipeptide IW – a. outflow curve 

and b. absorbed contents; Flow rate = 0.2 ml/min; N =3; data is given in mean +/- SD.  
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As seen in figure 10, IW was detected neither in the outflow (figure 10a) nor in the fluid 

compartment surrounding the intestines (figure 10b). However the amino acid tryptophan (W) 

was quantified in the outflow and absorbed contents. In calculating the mass balance (sum of 

outflow + absorbed content), 82.8 +/- 2.6 % of the amount of IW given could be quantified as 

tryptophan while the remaining could not be detected. The fraction of tryptophan in the outflow 

was 71.9 +/- 2.3 % of the amount of IW given while the fraction of tryptophan in the fluid 

surrounding the intestine was 10.8 +/- 0.9 % of the amount of IW given. This results leads to the 

suggestion that IW is rapidly degraded and tryptophan was released as a product of the 

degradation.   

Hence, IW was degraded into its corresponding amino acids as it transits through the intestines. 

However, not the whole amount of IW infused could be quantified by the corresponding amino 

acid - tryptophan. It could be discussed then that either IW and/or tryptophan is partly 

metabolized in the cells, so the substances could not be quantified any more.  

We also tested for the absorption of the ACE inhibiting dipeptide, WL with the EIPM at a flow 

rate of 0.5 mL/min and the results are shown below in figure 11.  
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a. 

 

 

b. 

 

Figure 11: EIPM flow experiment for the ACE inhibiting dipeptide WL - a. outflow curve, b. 

absorbed contents. Flow rate = 0.5 mL/min. N=2; data is given in mean +/- SD. 

 

The results also showed rapid degradation of WL and release of tryptophan in both the outflow 

and the absorbed contents. In calculating the mass balance (sum of outflow + absorbed 

content), 85.8 +/- 12.45% of the amount of WL given could be quantified as tryptophan while the 

remaining could not be detected.  The fraction of tryptophan in the outflow was 76.6 +/- 8.3 % of 

the amount of WL (figure 11a) given while the fraction of tryptophan in the fluid surrounding the 

intestines was 9.14 +/- 4.2 % of the amount of WL (figure 11b) given. 
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4.2. Co-incubation experiments of intestinal rings and dipeptides 

 

To further investigate the degradation of tryptophan containing peptides in the intestinal tissue, 

we directly incubated intestinal ring segments and the dipeptides IW (500 µmol/L) and WL (500 

µmol/L) dissolved in buffer in a small dish. At fixed time points after addition of the substrate, 

samples were taken to quantify IW, WL and tryptophan concentrations (Fig. 12). 

 

a. 

 

b. 

 

Figure 12: Co-incubation of dipeptides, a. IW with intestines, b. WL with intestines. N = 3; 

data is given in mean +/- SD. 
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The results obtained showed rapid reduction in the amounts of IW and increase in the amounts 

of tryptophan in parallel (Fig. 12a). After 5 min of incubation, the whole amount of IW in the tube 

was degraded and only the amino acid tryptophan could be quantified. The mass balance of 

tryptophan (total amount of substance recovered) after the 5 min was 81.3 +/- 2.3% of original 

amount of IW. 

 In the experiment using WL, the results also showed rapid reduction of WL amounts and 

increase in the amounts of tryptophan in parallel (Fig. 12b). After 5 min of incubation, almost all 

of the added WL (98.2 %) was degraded in the tube and the amino acid tryptophan could be 

quantified. The mass balance of tryptophan after 5 min was 78.9 +/- 4.7% of the initial amount 

with the remaining 21.1% missing. Hence, intestinal enzymes largely degrade both IW and WL 

rapidly to their corresponding amino acids. Here the question arises whether tryptophan and/or 

IW and WL are further metabolized in the cells or whether these molecules stick to the intestinal 

tissue or the tube wall thereby escaping detection. Such an effect might explain the missing 

content in the mass balance. Stability tests for IW in PSS buffer in absence of intestinal tissues 

(Fig. 13) showed that IW was stable in the PSS buffer used and was neither degraded nor 

attached to the surrounding tube wall. Additionally, homogenization of the intestinal ring 

segments after co-incubation with IW, to examine whether the missing mass of IW or tryptophan 

was contained in the tissue wall yielded only a slight 0.6 +/- 0.3% increase in tryptophan 

recovery (Fig. 14). Hence, it is suggested that the missing mass of IW, WL and/or tryptophan 

most likely resulted from metabolism into other products which were not included in our analysis. 

 

 

 

 

Figure 13: Co-incubation of IW with buffer alone. N = 3; data is given in mean +/- SD. 
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Figure 14: Homogenization of IW co-incubated intestinal rings showing non-adherence of 

IW to intestinal wall and non-retrieval of lost IW or W in the intestinal rings. N = 3; data is 

given in mean +/- SD. 

 

4.3. Identification of peptidases responsible for IW degradation in the intestines 

 

4.3.1. Co-incubation experiments of intestine rings with IW and general 

enzyme inhibitors 

 

For further understanding of IW effects it is necessary to know which enzymes are responsible 

for the degradation of IW in the intestines. Therefore, we proceeded to inhibit the intestinal 

enzymatic activities with various general enzyme inhibitors - EDTA (metalloproteinase inhibitor) 

(250 µmol/L), bestatin (general aminopeptidase inhibitor) (56 µmol/L) and captopril (angiotensin 

converting enzyme inhibitor) (125 nmol/L). The co-incubation experiment was repeated in further 

experiments with pre-incubation with different enzyme inhibitors and we then examined the 

degradation of IW (500 µmol/L) by the intestinal enzymes again. 
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Figure 15: Amounts of IW and W after 5 min of intestinal co-incubation with and without 

inhibitors - EDTA (metalloproteinase inhibitor), bestatin (general aminopeptidase 

inhibitor) and captopril (angiotensin converting enzyme inhibitor). N = 3; data is given in 

mean +/- SD. 

 

As shown in figure 15, incubation of IW with intestinal tissues resulted in the complete 

degradation to tryptophan within 5 min. In contrast, IW was recovered completely from the 

incubation buffer in absence of intestinal tissue. The use of captopril and EDTA did not affect the 

degradation of IW in presence of intestinal tissue. However, bestatin, an unspecific 

aminopeptidase inhibitor, was able to inhibit the degradation of IW despite the presence of 

intestine. After 5 min of incubation, only 7.9 +/- 6.0 nmol of IW was degraded if the intestine was 

pre-incubated with bestatin and 97.7 +/- 1.7% of the initial IW given was still intact and 

quantified. Hence, the enzyme(s) that degrades IW as it transits the intestines is mostly likely an 

aminopeptidase as it can be inhibited with the general aminopeptidase inhibitor, bestatin.  

 

4.3.2. Co-incubation experiments of intestine rings with IW and specific 

enzyme inhibitors 

 

In previous experiments, we showed that IW gets nearly completely degraded in the intestines 

after 5 min. However, this degradation could be inhibited by the unspecific peptidase inhibitor 

bestatin. With this knowledge, we then searched for peptidases which are located in man, rats or 

mice and could be inhibited by bestatin. By using different protein and enzyme databases 
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(MEROPS, BRENDA, PUBMED), we identified 13 enzymes which could be responsible for IW 

degradation when judging the inhibitory effect of bestatin (figure 16). 

 

 

 

 

 

 

 

 

Figure 16: Schematic image showing the possible enzymes degrading IW in the intestine 

 

 

Further specific exclusion criteria such as - location of enzymes in the intestines and substrate 

specificity for IW were used to figure out the most important IW degrading enzymes in intestines 

(Table 3).  

 

 

 

IW – Isoleucine-Tryptophan 

I – Isoleucine 

W - Tryptophan 

APB- Aminopeptidase B 

DPEP1 – Membrane dipeptidase 

PEPB – Tripeptide aminopeptidase 

APQ – Aminopeptidase Q 

APW – Aminopeptidase W 

LNPEP - Leucyl-cystinyl aminopeptidase 

ERAP1 - Endoplasmic reticulum 

aminopeptidase 1 

MIPEP - Mitochondrial intermediate peptidase 

APN – Aminopeptidase N 

LTA4H - Leukotriene A4 hydrolase 

LAP3 - Leucine aminopeptidase 3 

AAP-S - Cytosol alanyl aminopeptidase 

CNDP2 - Carnosine dipeptidase II 
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Table 3: List of enzymes inhibited by bestatin with their location and specificity for IW 

 Enzymes inhibited by bestatin Located in 

intestines 

Specificity for IW 

1 APB - Aminopeptidase B YES NO 

2 DPEP1 – Membrane dipeptidase YES BROAD 

3 PEPB – Tripeptide aminopeptidase YES NO 

4 APQ – Aminopeptidase Q NO NO 

5 APW – Aminopeptidase W YES YES 

6 LNPEP - Leucyl-cystinyl aminopeptidase YES NO 

7 ERAP1 - Endoplasmic reticulum 

aminopeptidase 1 

YES NO 

8 MIPEP - Mitochondrial intermediate 

peptidase 

YES NO 

9 APN – Aminopeptidase N YES YES 

10 LTA4H - Leukotriene A4 hydrolase YES NO 

11 LAP3 - Leucine aminopeptidase 3 YES NO 

12 AAP-S - Cytosol alanyl aminopeptidase YES BROAD 

13 CNDP2 - Carnosine dipeptidase II YES BROAD 

 

Based on the information obtained in chapter 4.3.1, further co-incubation experiments were 

performed with different specific enzyme inhibitors and inhibitor combinations to identify the 

enzymes which degrade IW. Thus, we co-incubated different specific peptidase inhibitors with 

intestinal tissues and IW and the concentration of IW and tryptophan after 5 min of incubation 

was calculated and correlated to the initial concentration. The results and description of the 

activities and specificities of the enzyme inhibitors (see notes) are given in Table 4. 
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Table 4: List of inhibitors and inhibitor combinations and their effects on the stability of 
IW incubated with intestines. 

Inhibitors used %  of IW 

after 5 min 

incubation 

% of 

Tryptophan 

after 5 min 

incubation 

Notes 

1.25 mmol/L  EDTA + IW 0.0 73.4 Metalloproteinase inhibitor, inhibits 

CNDP2, AAP-S, APB 

25 µmol/L amastatin + IW 0.0 73.9 Inhibits AAP-S, LAP3, ERAP1, 

APB, LNPEP 

75 µmol/L amastatin + IW 0.0 84.8 Inhibits AAP-S, LAP3, ERAP1, 

APB, LNPEP 

2 mmol/L  captopril + IW 0.0 81.4 Inhibits MIPEP, LTA4H 

25 µmol/L apstatin + IW 0.0 72.5 Inhibits aminopeptidase P 

1.11 mmol/L  dithiothreitol + IW 33.3 44.8 Cleaves disulphide bonds, inhibits 

DPEP1 

750 µmol/L cilastatin + IW 0.0 89.2 Specific inhibitor for DPEP1 

37.5 µmol/L zofenopril + IW 9.5 58.1 Specific inhibitor for APW 

25 µmol/l apstatin + 250µmol/L 

actinonin + 750 µmol/L cilastatin + 

37.5 µmol/L zofenopril + IW 

4.3 81.7 Inhibitor mix 

25 µmol/l apstatin + 250µmol/L 

actinonin + 750 µmol/L cilastatin + 

37.5 µmol/L zofenopril + 25 mmol/L 

amastatin + IW 

4.0 79.0 Inhibitor mix 

5 mmol/L cilastatin + IW 10.9 81.4 Specific inhibitor for DPEP1 

1 mmol/L actinonin + IW 0.0 81.4 Specific inhibitor for APN, inhibits 

ERAP1 

1 mmol/L zofenopril + IW 20.1 77.3 Specific inhibitor for APW 

1 mmol/L zofenopril + 1 mmol/L 

actinonin + IW 

35.7 69.9 Inhibitor mix 

5 mmol/L cilastatin + 1 mmol/L 

zofenopril + 1 mmol/L actinonin + 

IW 

64.1 26.6 Inhibitor mix 
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From the results obtained, three enzymes were identified as the major enzymes degrading IW 

namely: membrane dipeptidase (DPEP1), aminopeptidase W (APW) and aminopeptidase N 

(APN).  

To confirm these enzymes being responsible for IW degradation in the intestines, further 

intestinal ring co-incubation experiments were done with specific inhibitors for the above named 

enzymes (figure 17). 

 

Figure 17: Co-incubation of IW with intestinal rings with specific inhibitors; N =3, data is 

given in mean +/- S.D, * P< 0.05, ***P< 0.0001 vs IW in buffer. 

While for the use of the single inhibitors (cilastatin, actinonin and zofenopril against DPEP1, APN 

and APW) only very small preserving effects on IW are seen, the combination of the three 

inhibitors was much more effective in preventing the degradation of IW in the intestines. After 

five min, 64.1 +/-22.9 % of IW was still remaining in the samples with combination inhibitors as 

compared to 10.9 +/- 15.3 % of cilastatin alone and 20.1 +/- 8.6 % for zofenopril alone. For APN, 

no IW preserving effect was seen when using its specific inhibitor actinonin only. Hence, these 

results lead to the conclusion that there is not a single one enzyme responsible for the 

degradation of IW but rather several. With the single enzyme inhibition, only small effects are 

seen. This could be due to a compensation via the activities of other enzymes which still 

catalyse degradation of IW. However, a clear and statistically significant protection of IW is seen 

if the three enzymes, APN, APW and DPEP1, are blocked in parallel. To confirm the presence of 

APN, APW and DPEP1 in our intestinal tissue, western blot and immunohistochemistry was 
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done using specific antibodies for these peptidases. Results are shown in figures 18 and 19 

below. 

a.                                                                    b. 

                 

c. 

           

Figure 18: Identification of DPEP1 in intestines a, Western blots for DPEP1, b, 

immunohistochemistry staining of intestine without anti-DPEP1 antibody, c, staining with 

anti-DPEP1 showing localization of DPEP1 along brush-borders (brown). 

Figure 18a shows the Western blot image of DPEP1 existing as a dimer (~ 95 kDa) in the 

intestines. However, the monomer with approx. 48 kDa is also seen (Keynan et al., 1996). Liver 

was used as a control for the used antibody as suggested by the manufacturer where DPEP1 

DPEP1 

Dimer 

Monomer 

Dimer 

Monomer 
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could also be detected as a dimer (~ 70 kDa) and as monomer (~ 43 kDa) (figure 18a). The 

difference in size is been explained to be due to the different glycosylation of the enzyme in the 

two organs (Spiro, 2002; Boyer, 2006). Figure 18b & c shows the immunohistochemistry staining 

of DPEP1 in the intestines without the specific antibody (Fig. 18b) and with antibody (Fig. 18c, 

brown colour).The enzyme is located along the intestinal brush borders (brown). 

a.                                                                         b.                                 c. 

                

d.    

   

Figure 19 shows the Western blot image of APN (MW = ~ 180 kDa) in the intestine and also in 

kidney used as a control. The differences in size are also due to the differential glycosylation of 

APN 

APN 

APN APN 

Figure 19: identification of APN 

in intestines a, Western blot for 

APN, b, immunohistochemistry 

staining of intestine without anti- 

APN antibody and c & d, staining 

with anti-APN, showing presence 

of APN in the intestinal borders 

(red). 
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the enzyme in the two organs. Immunohistochemistry staining with antibody for APN in the 

intestines shows its location in the intestinal brush borders (red) in figure 19c&d as compared to 

staining without the specific antibody (Fig. 19b).  

With respect to APW, there is currently no commercial antibody available. Thus, we could only 

identify this enzyme indirectly by the described use of the specific inhibitor. However, DPEP1 

and APN are unambiguously located in the intestinal brush-borders where they may act on IW 

as it transits the intestine. 

 

4.4. Effects of identified peptidases on plasma degradation of IW 

Since we planned to use tissues from different species in our studies of IW effects, it was 

mandatory to analyse if there are any species differences regarding IW degradation in the 

plasma of mice, rats and humans. Plasma was collected from different species and co-incubated 

with IW and the results are shown in figure 20 below. 

 

Figure 20: Stability of IW in plasma of different species. N=3, data is given in mean +/- 

S.D. 

As evident from figure 20, there was time-dependent disappearance of IW when incubated in 

plasma of rat, mouse and man, respectively. In human plasma degradation rate tended to 

exceed those in rat but was similar to mouse. After 30 min of incubation, only 53.4 +/-2.1 % of 

the IW given were still remaining in rat plasma. In mice, this value was 26.2 +/- 3.6 % while in 
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man it was 26.0 +/- 24.5 %. The high S.D. in man was due to high inter-individual differences, 

which was also documented in a previous study (Khedr et al., 2015). Interestingly, if these 

results are compared to stability studies in the intestines, in which all of the IW was degraded 

after 5 min of incubation (Fig.12), it is apparent that in plasma, IW degradation rate is much 

lower. This suggests that there is more IW degrading power (catalytic activity) in the intestines 

than in the plasma.  

However, to evaluate if the instability of IW in plasma is due to the same enzyme species as we 

found in the intestines, we assessed the effects of enzyme inhibitors which we had previously 

objectified as being the most effective on IW degradation in intestine (figure 17). The effect of 

the combination of these three inhibitors on enzymatic plasma degradation of IW is compiled in 

figure 21. Interestingly, there was no significant difference in IW degradation in absence versus 

presence of enzyme inhibitors (cilastatin, actinonin and zofenopril) using the same concentration 

as in the intestine experiment. 

 

Figure 21: Stability of IW in human plasma with and without inhibitors for the three 

identified enzymes (cilastatin, actinonin and zofenopril). N=4, data is given in mean +/- 

S.D. 

Quantitatively, the results show that the three inhibitors, which were highly effective in the 

intestine experiments, minimally affected the degradation of IW in plasma. After 5 min of co-

incubating IW with plasma and the three inhibitors, 69.8 % +/- 3.2 % of IW were remaining as 

compared to 75.6 +/- 10.1 % of IW when the dipeptide was incubated with plasma alone. 

However, this difference was not statistically significant. In the intestines, 64.1 +/-22.9 % of IW 
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given were remaining after co-incubating with the three inhibitors in the same incubation period 

as compared to 0.0 % of IW when the dipeptide was incubated with intestines alone. Hence, this 

suggest that while the three peptidases, DPEP1, APN and APW, were major peptidases 

degrading IW in the intestines, they do not have the same impact on IW degradation in plasma. 

Previous studies done on IW plasma stability showed that IW is better preserved in plasma 

using a protease inhibitor cocktail that is capable of inhibiting several enzymes together (Khedr 

et al., 2015). The protease inhibitor cocktail used, contains both reversible and irreversible 

protease inhibitors that inhibits a broad spectrum of serine and cysteine proteases (Inhibitor and 

Tablets, 2005). This inhibitor cocktail would most likely have inhibited several members of these 

groups of proteases to preserve IW stability in plasma. Thus, several enzymes in the serine and 

cysteine group of proteases could also degrade IW in plasma. 

 

4.5. ACE activity and ACE protein levels in intestines 

After having identified the enzymes degrading IW in the intestines, we investigated possible 

changes to intestinal ACE activity in the presence of IW. For this, intestinal rings were incubated 

with IW (500 µmol/L) and as control without IW as done previously (section 4.2). Afterwards, the 

intestinal rings were homogenized and ACE activity was measured in the homogenates. The 

results are shown in figure 22 below. 

 

Figure 22: ACE activity in intestinal tissues with and without IW co-incubation. N=3, data 

is given in mean +/- S.D. 
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As seen in figure 22, incubation of intestinal rings with IW (500 µmol/L) resulted in reduced ACE 

activity. Compared to control which is defined as 100 %, ACE activity decreased to 76.8 +/- 23.1 

%, however this decrease reached no significance. It is worth noting that the IW concentration 

used here was much higher that the IW concentration, which is necessary to inhibit plasma ACE 

activity ex vivo by 50% (38.8 +/- 3.2 µmol/L) (Khedr et al., 2015). Thus, more than 10 times the 

IW concentration used in plasma showed less effect in the intestines. Furthermore, we 

investigated for a possible effect of IW on ACE protein levels in the intestines. For this, Western 

blot analysis was done on homogenized intestinal rings co-incubated with IW (500 µmol/L) and 

control intestines without IW. The results are shown in figure 23 below. 

a.  

         

b. 

   

 Figure 23: Western blot of intestinal homogenates a) showing protein levels of 

ACE (N=2, n=4) and b) showing protein levels of ACE C-domain (predominant 

site of ANG I cleavage in vivo (Fuchs et al., 2008) with and without IW addition 

(N=2, n=4). Data is given in mean +/- S.D. 
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The results showed no decrease (-8.4 +/- 40.0 %) in the ACE protein levels in the intestinal 

tissues co-incubated with IW as compared to intestinal tissues only (Fig. 23 a). A further blot to 

check for the ACE C-domain also revealed no decrease in ACE C-domain protein levels (-8.3 +/- 

41.2 %). 

 

4.6. Simulated gastric juice digestion of IW and placebo capsules 

To assess and confirm gastric juice resistance and gastric juice sensitivity of the IW and placebo 

capsules to be used for IW absorption studies in humans, a simulated gastric digestion of the 

capsules was done using synthetically produced gastric juice (Fig. 24). The results are shown in 

figure 25 below. 

 

Figure 24: Image showing simulated gastric juice digestion of gastric juice resistant and 

non-resistant capsules after 120 min of incubation in simulated gastric juice. Gastric juice 

non-resistant capsules were broken down and dissolved while gastric juice resistant 

capsules remained intact.  

 

 

 

 

 

 

Gastric Juice non-resistant capsules Gastric Juice resistant capsules 
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a. 

 

b. 

 

Figure 25: Simulated gastric digestion of a) placebo gastric juice resistant and gastric 

juice non-resistant capsules and b) IW gastric juice resistant and gastric juice non-

resistant capsules. N=2, data is given in mean +/- S.D. 

Figure 24a shows the effects of simulated gastric digestion of placebo capsules. As expected, 

no IW was detected in both the placebo gastric juice resistant and gastric juice non-resistant 

capsules. Figure 24b shows the simulated gastric digestion of IW capsules with a clear 

distinction between gastric juice non-resistant capsules and gastric juice resistant capsules. 

After 120 min of incubation, 278 +/- 11.8 nanomoles (theoretically, 1580 nmol could be released) 

was released from the gastric juice non-resistant IW capsules as compared to 4.1 +/- 2.5 

nanomoles of IW from the gastric juice resistant IW capsules. This shows that the gastric juice 

resistant IW capsules were protected from the simulated gastric juice and can therefore be used 

to test for intestinal–specific absorption of IW. 
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4.7. IW stability in human saliva 

To assess for the stability of IW in saliva fluids, IW was co-incubated with saliva samples 

obtained from healthy volunteers. The results are shown in figure 26 below. 

a. 

   

b. 

 

Figure 26: a) Mean stability of IW in human saliva, b) median stability of IW in human 

saliva, N=4, n=14. Data is given in mean +/- SEM. 

In Figure 26 above is shown the mean and median stability of IW in human saliva fluids. In the 

saliva from most participants, the concentration of IW time-dependently declined. However, the 

decline was very low in one participant. After 10 min of co-incubation, 81.7 +/- 17.5 % of the 

mean concentration of IW given could still be quantified in the solution although this value 

decreased to 68.6 +/- 32.4 % after 30 min. In the saliva samples of three participants (P3, P8 

and P2), IW was degraded while the peptide was stable in the saliva of P4 (Fig. 26a). In 
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calculating the median values for the participants, 68.8 +/- 3.0 % of the concentration of IW 

given was remaining after 10 min although this value decreased to 43.7 +/- 3.0 % after 30 min 

(Fig. 26b). The difference in IW stability among the participants could be explained to be due to 

the different concentrations or activities of peptidases in their saliva. Other factors such as oral 

disorders, smoking, obesity and personal oral hygiene could also influence the saliva 

compositions (Goodson et al., 2009; Takeshita et al., 2016) and thus also the degradation of IW. 

However, all of our participants were healthy, non-smokers and had no obesity. In examining the 

mass balance of IW + tryptophan after 30 min, the total mass given could be accounted for 

(108.2 +/- 8.7 %). Thus IW was degraded and not bound to other substances in saliva. 

 

4.8. Absorption of IW in humans 

To assess for possible absorption of IW from other sites in the gastrointestinal tract, further 

absorption studies were done in human participants. This time, IW was administered to healthy 

participants sublingually, orally as dissolved in a drink, in the form of gastric juice non-resistant 

(GNR) capsules and in the form of gastric juice resistant (GR) capsules. After certain time 

points, plasma IW concentration was measured as well as plasma ACE activity. The results are 

shown in the following. 

 

a.              b. 
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c.                                 d. 

              

e.                       f. 

                 

g.                         h. 
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i.  

 

Figure 27: a) Mean changes of plasma IW concentration of P1, P2, P4, P5, P6 and P7 

related to basal values (t= 0 min), b) mean changes in plasma ACE activity of P1, P2, P4, 

P5, P6 and P7 after sublingual administration of IW, c) individual changes of plasma IW 

concentration related to basal values (t= 0 min), d) individual changes in plasma ACE 

activity after sublingual administration of IW, e) changes of plasma IW concentration of 

P1, P4, P5, P6 and P7 only, f) mean changes of plasma IW concentration related to basal 

values for participants P1, P4, P5, P6 and P7 only, g) median changes of plasma IW 

concentration related to basal values (t= 0 min), h) median changes in plasma ACE 

activity after sublingual administration of IW, i) area under the curve (AUC) for the mean 

and median IW increase. N=6. Data is given in mean +/- SEM. 

Upon sublingual administration of IW, there was a rapid increase of IW in plasma related to 

baseline values. After two min of IW intake, there was a mean 151.0 +/- 21.7 % increase in the 

plasma concentration of IW. This value rose further to 228.1 +/- 31.2 % at 5 min before reaching 

a maximum of 303.4 +/- 116.5 % at 10 min. The mean IW increase then decreased to nearly 

baseline levels at 90 min (Fig. 27a) but did not reach baseline levels again during the whole 

observatory period of 180 min (129.9 +/- 18.9 %). Although clear increases in plasma IW 

concentration was observed in all volunteers in the first 10 min, there were clear inter-individual 
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variations between the participants as seen in figures 27c and 27e. Especially in participant P2, 

an extremely high increase in IW of 870.5 +/- 2.3 % was determined at t = 10 min. Thus, nearly 

four times higher IW concentrations were determined compared to the other participants. While 

all other participants had their maximum IW concentration in plasma between 10 and 30 min 

after intake, P7 had this after 60 min. All participants interestingly showed a second increase in 

IW after their first maximum increase and a transient drop. The time for this second increase 

individually varied between 60 min and 180 min. From all participants, P1 had the lowest 

increase of IW concentration in plasma with a maximal value of 178.4 +/- 0.9 % above baseline 

measured after 20 min.  

In examining the mean increase of IW in all participants except P2, there was an increase of IW 

in plasma after 2 min of intake (143.0 +/- 22.6 %) which rose further to 204.4 +/- 22.9 % after 5 

min before initially decreasing again. An additional increase of IW in plasma was observed after 

20 min (190.3 +/- 31.9 %) and after 60 min (207.3 +/- 29.8 %) of IW intake before finally 

decreasing to nearly baseline levels at 90 min (Fig. 27f). IW plasma concentration did not reach 

baseline levels again during the whole observatory period of 180 min (120.7 +/- 18.5 %). The 

median increase of IW for all the participants was also calculated where it showed an initial 

increase of IW in plasma after 2 min of IW intake (131.1 +/- 2.6 %) rising to 195.6 +/- 1.6 % after 

five min before initially decreasing again (Fig. 27g). However, these values were lower (-19.9 % 

and -32.5 % respectively) compared to the corresponding time points in the total mean. Further 

increase of IW in plasma was seen after 20 min (199.1 +/- 2.1 %) and after 60 min (maximum 

increase of 203.7 +/- 3.1 %) of IW intake before finally decreasing again. This was contrary to 

the mean values where the maximum IW increase was detected after 10 min of IW intake. In 

calculating the area under the curve (AUC) for the results (Fig. 27i), the AUC for the total mean 

IW increase was higher (30459.7 +/- 4019.8 area units) than the AUC for the total median IW 

increase (28295.7 +/- 2966.8 area units). In addition, the AUC for the mean IW increase for all 

participants except P2 was also lower (27807 +/- 3695.7 area units) thus, showing a clear 

variability in the total mean results due to the very high increase of IW in participant P2. 

In parallel to IW increase in plasma, a clear decrease in the mean plasma ACE activity of all 

participants was observed (Fig. 27b). The effect on ACE after administration of IW was seen 

very early at the first measurement point. After 2 min, there was a decrease in mean plasma 

ACE activity of 11.8 +/- 2.2 % from the basal levels. The maximum inhibition of mean plasma 

ACE activity of 19.1 +/- 4.5 % was detected after 10 min. At the same time point mean IW 

concentrations were in the highest. This maximum inhibition of plasma ACE activity was 
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statistically significant with a probability value of 0.01. After this time point mean plasma ACE 

activity slowly increases again so that basal ACE activity levels were reached again after 60 min. 

However, after 120 min the mean of all participants reached the basal level again. Again, the 

inter-individual variations were high between the participants as seen in figure 27d. In addition, 

all participants showed decrease of plasma ACE activity during the first 20 min although to 

different extents, but after 45 min, P6 and P7 still had decreased ACE activities, while for P1, P2, 

P4 and P5, ACE activity even increased over the basal levels at t = 20 - 60 min. At the end of 

the 180 min observatory period, plasma ACE activity returned to basal levels in all participants 

except for P2 and P6. P2 still had increased ACE activity and P6 was decreased to 70.0 +/- 0.6 

% from basal levels after 180 min of observation. However, the inhibition of plasma ACE activity 

could be related to an IW increase in plasma in all participants up until 60 min. 

Similarly, the median ACE activity for the participants also showed decrease in plasma ACE 

activity after IW intake. However, the maximum inhibition of median plasma ACE activity of 17.9 

+/- 2.2 % was detected after five min of IW intake (five min earlier than in the mean). This 

maximum inhibition of plasma ACE activity was statistically significant with a probability value of 

0.02.  In the early time points up to 60 min, inhibition of mean and median plasma ACE activity 

could be related to mean and median IW increase in plasma. However, after 60 min, there was 

no further ACE inhibition despite a lasting increase of IW in plasma. 

 

 

a.                                         b. 
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c.                                                d. 

              

e.           f. 

          

g. 

 

Figure 28: a) Mean changes of plasma IW concentration 

of P1, P2, P4, P6 and P7 related to basal values (t= 0 

min) b) mean changes in plasma ACE activity of P1, P2, 

P4, P6 and P7 after oral administration of IW, c) 

individual changes of plasma IW concentration related 

to basal values (t= 0 min), d) individual changes in 

plasma ACE activity after oral administration of IW, e) 

median changes in plasma IW concentration of P1, P2, 

P4, P6 and P7 related to basal values (t= 0 min), f) 

median changes in plasma ACE activity of P1, P2, P4, 

P6 and P7 after oral administration of IW, g) AUC for 

the mean and median IW increase. N=5. Data is given in 

mean +/- SEM. 
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Upon oral administration of IW as dissolved in a drink, there was an increase of IW in plasma 

related to baseline values. After 2 min of IW intake, there was a mean 135.4 +/- 9.0 % increase 

in the plasma concentration of IW. This value rose further to a maximum of 265.8 +/- 28.5 % 

after 20 min before finally decreasing to baseline levels after 90 min (Fig. 28a). Although clear 

increases in plasma IW concentration was observed in all participants in the first 20 min, there 

were again inter-individual variations between the participants as seen in figures 28c. P6 had the 

highest increase of IW with maximum concentration in plasma of 449.7 +/- 13.7 % measured 

after 10 min while P4 had the lowest absorption in plasma (213.0 +/- 16.8 %) measured after 30 

min. The increase in P1, P2 and P7 was time dependent and very similar (max at 20 min), 

however, the maximum absorption was different (224.7 +/- 3.5 %, 345.3 +/- 8.6 % and 287.3 +/- 

12.3 % respectively). Contrary to the sublingual intake, all participants reached basal IW 

concentrations after 90 – 110 min. As shown for the sublingual studies, the median values were 

also calculated in addition to the mean. In the oral studies, the median IW increase in the 

participants showed similar increase of IW in plasma as in the mean (Fig. 28e). The maximum 

median increase of IW observed was 287.3 +/- 1.6 % after 20 min of IW intake (difference of 

+21.5 % to the mean). Furthermore, the AUC from the mean IW increase (23940.1 +/- 1489.8 

area units) was similar to the AUC from the median IW increase (23601.2 +/- 1512.5 area units) 

thus showing little variations in the results (Fig. 28g). However, both AUC values were lower 

compared to the AUC from the sublingual intake. The interaction between the AUC values from 

sublingual and oral studies however showed no statistical significance. 

In parallel to IW increase in plasma, decrease in the plasma ACE activity of all participants was 

observed after IW intake (Fig. 28b). The first small effect on ACE after administration of IW was 

already seen at the earliest measurement point after 2 min. After 2 min, there was a decrease in 

mean plasma ACE activity of 6.9 +/- 2.5 % from baseline levels. The maximum inhibition of 

mean plasma ACE activity of 16.8 +/- 6.4 % was detected after 15 min, after this time point it 

slowly increases again so that basal ACE activity levels were reached again after 120 min. This 

maximum inhibition of plasma ACE activity was statistically significant with a probability value of 

0.04. Again, the inter-individual variations were high between the participants as seen in figure 

28d. All the participants showed decrease of ACE during the first 20 min although to different 

extents. However, P4 and P7 showed decreased plasma ACE activity levels for the whole 

observatory period. P2 and P6 showed increased plasma ACE activity over the basal levels after 

90 min. At the end of the 180 min observatory period, plasma ACE activity returned to baseline 

levels in all participants except for P2, P4 and P7. In participants P1, P2 and P6, the inhibition of 

plasma ACE activity could be related to an IW increase in plasma while P4 and P7 showed 
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prolonged ACE inhibition despite no further increase of IW in plasma. As shown for the 

sublingual studies, the median values were also determined in addition to the mean. Here, the 

median plasma ACE activity also gave a decrease in plasma ACE activity after IW intake in the 

early time points (Fig. 28f). The maximum median inhibition of plasma ACE activity was 18.6 +/- 

2.0 % observed after 15 min and thus very close to the estimate when calculating mean values 

(difference of +1.8 % to the mean). This maximum inhibition of plasma ACE activity was 

statistically significant with a probability value of 0.02.  Analysis of the median indicated that ACE 

activity returned to basal levels after 90 min. Furthermore, both the mean and median decrease 

in plasma ACE activity could be related to the corresponding mean and median increase of IW in 

plasma. 

 

a.                                               b. 

     

c.                                              d. 
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GNR Capsules GNR Capsules 
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e.                   f. 

              

g. 

 

Figure 29: a) Mean changes of plasma IW concentration of P1, P2, P4, P5, P6 and P7 

related to basal values (t= 0 min) b) mean changes in plasma ACE activity of P1, P2, P4, 

P5, P6 and P7 after administration of IW, c) individual changes of plasma IW 

concentration related to basal values (t= 0 min), d) individual changes in plasma ACE 

activity after administration of IW, e) median changes in plasma IW concentration of P1, 

P2, P4, P5, P6 and P7 related to basal values (t= 0 min), f) median changes in plasma ACE 

activity of P1, P2, P4, P5, P6 and P7 after administration of IW through gastric juice non-

resistant (GNR) capsules, g) AUC for the mean and median IW increase. N=6. Data is 

given in mean +/- SEM. 

Upon administration of IW with the gastric juice non-resistant (GNR) capsules, there was only a 

mild increase of IW in plasma related to baseline values. After 2 min of IW intake, there was only 

a slight mean 115.8 +/- 8.5 % increase in the plasma concentration of IW. This value rose further 

GNR Capsules GNR Capsules 

GNR Capsules 
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to a maximum of 163.0 +/- 11.7 % at 10 min before initially decreasing to baseline levels at 20 

min (Fig. 29a). A second very small increase in the plasma concentration of IW (110.2 +/- 3.3 %) 

was observed at 60 min rising to a maximum of 132.4 +/- 15.6 % at 90 min before finally 

decreasing to nearly baseline levels (Fig. 29a) at the end of the observatory period after 180 min 

(112.2 +/- 6.1 %). In general, the increase of plasma IW appeared biphasic. Although clear 

increases in plasma IW concentration were observed in all participants in the first 20 min, there 

were inter-individual variations between the participants at later time points as seen in figure 

29c. P5 had the highest value in the first IW increase while P1 had the highest value for the 

second IW increase. In all participants a second increase of IW in plasma was evident. The time 

for this second increase ranged from 30 min to 120 min (Fig. 29c). As shown for previously 

described interventions (figures 27g & 28e), the median IW increase was also calculated for the 

participants. Here, the median IW increase gave a similar increase of IW in plasma after intake 

as the mean. The maximum median increase of IW in plasma was 151.8 +/- 6.1 % after 10 min 

(difference of -11.2 % to the mean). Furthermore, the AUC from the median IW increase 

(21825.5 +/- 329.3 area units) was similar to the AUC from the mean IW increase (21755.1 +/- 

527.6 area units) thus showing little variability in both results. However, both AUC values were 

lower than the AUC from both the sublingual and oral intake. The interaction between the AUC 

values from sublingual, oral and GNR capsules studies however gave no statistical significance. 

In parallel to the rise of plasma IW, a mild decrease in the ACE activity of all participants was 

observed after IW intake (Fig. 29b). The effect on ACE after administration of IW was also seen 

at the early measurement points. After 2 min, there was a decrease in mean plasma ACE 

activity of 5.9 +/- 2.3 %. The maximum inhibition of mean plasma ACE activity of 9.3 +/- 3.7 % 

was detected after 10 min, after this time point enzyme activity slowly increased so that basal 

ACE activity levels were reached after 20 min. This maximum inhibition of plasma ACE activity 

was not statistically significant (p =0.47). After 120 min the mean of all participants reached the 

basal level. There were inter-individual differences between the participants as seen in figure 

29d. During the first 20 min, P2, P4, P5 and P7 showed a similar decrease in plasma ACE 

activity. P1 showed only slight ACE inhibition after IW intake but with subsequent significant 

increase of ACE activity after 20 min, reaching a maximum of 160.2 +/- 1.1 % from basal levels 

after 60 min. P6 only showed slight ACE inhibition at two min before returning to basal levels at 

10 min with no further plasma ACE inhibition. Plasma ACE activity however returned back to 

basal levels at 180 min in all the participants except for P1 and P5.  
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In P1, ACE activity remained high (114.4 +/- 7.7 %) after 180 min while in P5 it was decreased 

to 87.6 +/- 0.6 % after 180 min (Fig. 29d). In participants P2, P4, P5 and P7, the inhibition of 

plasma ACE activity could be related to an IW increase in plasma while P1 and P6 showed only 

little or no ACE inhibition despite increases of IW in plasma. The median ACE activity also 

showed a mild decrease in plasma ACE after IW intake. Here the maximum inhibition of median 

plasma ACE activity of 9.6 +/- 2.7 % (+0.4 % difference to the mean) was detected after 10 min 

after which it increased again to baseline levels after 20 min (Fig. 29f). This maximum plasma 

ACE inhibition was not statistically significant. The mean and median decrease in plasma ACE 

activity could be related to the median increase of IW in the early time points up until 20 min. 

However, the slight increase of IW at latter time points was not related to an ACE inhibition. 

 

a.                                                    b. 

    

c.                                                            d. 
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e.       f. 

             

g.                    h. 

                 

i. 

 

GR Capsules GR Capsules 

GR Capsules GR Capsules 

GR Capsules 
Figure 30: a) Mean changes of plasma IW concentration of P1, 

P2, P4, P6 and P7 related to basal values (t= 0 min), b) mean 

changes in plasma ACE activity of P1, P2, P4, P6 and P7 after 

administration of IW, c) individual changes of plasma IW 

concentration related to basal values (t= 0 min), d) individual 

changes in plasma ACE activity after administration of IW, e) 

individual changes in plasma IW concentration of P1, P4, P6 

and P7 only, f) mean changes of plasma IW concentration of 

participants P1, P4, P6 and P7 only related to basal values, g) 

median changes in plasma IW concentration of P1, P2, P4, P6 

and P7 related to basal values (t= 0 min), h) median changes in 

plasma ACE activity of P1, P2, P4, P6 and P7 after 

administration of IW through gastric juice resistant (GR) 

capsules. N=5. Data is given in mean +/- SEM. 
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Upon administration of IW with the gastric juice resistant (GR) capsules, there was an increase 

of IW in plasma related to baseline values. Unexpectedly after 15 min of IW intake, there was a 

mean 158.9 +/- 30.6 % increase in the plasma concentration of IW. This value rose further to a 

maximum of 304.4 +/- 179.6 % at 60 min before initially decreasing to 150.4 +/- 23.8 % at 90 

min (Fig. 30a). A second increase in the plasma concentration of IW (211.4 +/- 91.0 %) was 

observed at 120 min rising to a maximum of 296.7 +/- 176.0 % at 150 min before finally declining 

to baseline levels after 240 min (Fig. 30a). There were clear inter-individual variations between 

the participants as seen in figures 30c and 30e. P1 showed an initial increase of IW in plasma, 

reaching a maximum of 156.3 +/- 6.1 % after 30 min. Although another slight increase of IW 

(126.7 +/- 9.0 %) could be seen after 210 min before finally decreasing again. P2 could be seen 

with extremely high increase of IW in plasma at 2 time points, 60 and 150 min (with 1015.8 +/- 

7.9 % and 999.2 +/- 1.4 % respectively), in between and after this time points, IW concentration 

was decreased. However, a further albeit smaller increase (301.3 +/- 1.2 %) was seen at 210 

min (Fig. 30c). P4 showed an initial increase of IW in plasma after 10 min before reaching its 

maximum levels at 60 min (222.1 +/- 6.0 %). In this participant, IW levels remained high 

throughout the observatory period of 240 min with slight decreases in between. After 240 min, 

IW concentrations were still increased with 191.9 +/- 7.3 % (Fig. 30e). P6 showed an increase of 

IW in plasma at 30 and 90 min (with 128.9 +/- 7.9 % and 224.7 +/- 7.1 % respectively) before 

gradually falling to baseline levels after 240 min. P7, however, showed only very little increase in 

IW in plasma (119.7 +/- 15.0 %) at 120 min before plasma levels fell to below baseline levels 

after 240 min (Fig. 30e).  

In examining the mean increase of IW in participants P1, P4, P6 and P7 only, there was an 

increase of IW in plasma after 15 min of intake (131.2 +/- 17.1 %) which rose slightly to 136.3 +/- 

16.1 % after 30 min before initially decreasing again. Another increase of IW in plasma was 

observed 90 min (152.8 +/- 30.5 %) after IW intake before it finally decreased to near basal 

levels at 120 min (Fig. 30f). As done in other interventions, the median increase of IW in plasma 

in all the volunteers was also calculated. There was an increase of IW in plasma after 15 min of 

IW intake (134.4 +/- 2.5 %) rising further to a maximum of 156.3 +/- 3.6 % after 30 min before 

decreasing again (Fig. 30g). The maximum median increase was however lower than the 

maximum for the mean IW increase (difference of -148.1 % to the total mean). The AUC for the 

mean IW increase for all participants was higher (46324.0 +/- 16184.0 area units) than the AUC 

for the median IW increase (29679.1 +/- 2659.7 area units). Thus, showing variability in the 

mean results due to the very high percent increase of IW in participant P2 (Fig.30i). 
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In parallel to the increase of IW in plasma, a clear decrease in the ACE activity of all participants 

was observed after IW intake (Fig. 30b). The maximum inhibition of mean plasma ACE activity of 

13.6 +/- 5.1 % was detected after 60 min before mean ACE activity increased again at 90 min. 

This maximum plasma ACE inhibition was not statistically significant (p= 0.16). After this time 

point, a second milder decrease of 7.6 +/- 3.9 % was seen after 120 min before slowly 

increasing again. Interestingly, mean plasma ACE activity increased over basal levels by 6.6 +/- 

2.7 % after 180 min. However, after 240 min the mean of all participants reached the basal level 

again (Fig. 30b). The inter-individual variations were high between the participants as seen in 

figure 30d. P1 showed an initial decrease in plasma ACE activity after 15 min before increasing 

at 90 min. Another decrease was seen at 150 min but at 240 min, plasma ACE activity levels 

were at baseline levels (Fig. 30d). P2 showed a strong decrease in ACE activity reaching its 

lowest levels, 72.4 +/- 4.1 % at 60 min before gradually increasing to baseline levels at 90 min. 

Further decreases were seen after 120 and at 210 min respectively. P4 also showed strong 

decrease in plasma ACE activity reaching its lowest levels, 68.3 +/- 7.6 % at 60 min before 

gradually increasing again. However, P4 plasma ACE levels rose higher than baseline after 150 

min to 121.3 +/- 3.7 % before finally decreasing to baseline levels. P6 showed sustained ACE 

inhibition up until 210 min before initially increasing and dropping again at 240 min. P7 only 

showed a slight decrease in plasma ACE activity after 120 min with plasma ACE activity being 

high in the other time period. At the end of the study period, there were high inter-individual 

variabilities between the participants. Plasma ACE activity returned to baseline levels at 240 min 

in P1 and P4 while it was high for P2 and P7. P6 still had low plasma ACE activity levels 85.7 +/- 

3.4 % at 240 min (Fig. 30d). In P2, the inhibition of plasma ACE activity could be related to an 

IW increase in plasma. P1 showed an initial decrease in plasma ACE activity related to IW 

increase in plasma however, another decrease in ACE activity was seen without corresponding 

IW increase in plasma. P4 also showed correlation of plasma ACE activity with IW increase until 

150 min where ACE activity increased despite high IW levels in plasma. P6 showed initial 

plasma ACE inhibition which correlated with IW increase however, ACE activity remained low 

even without further increase of IW in plasma. The median ACE activity for all the participants 

also showed a decrease in plasma ACE activity after IW intake. Here, there was a maximum 

inhibition of 15.1 +/- 6.1 % after 60 min after which plasma ACE activity increased again to basal 

levels (Fig. 30h). This maximum plasma ACE inhibition was not statistically significant. Further 

decrease in plasma ACE activity was seen after 120 min in both mean and median values. 

Furthermore, the initial decrease in median plasma ACE activity could be related to the initial 

median increase of IW in plasma up until 30 min.  
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c.             d. 

 

e. 

 

Figure 31: Comparing the 4 routes of 

administration a-d) mean % IW 

increase in plasma and plasma ACE 

inhibition, e) area under the curves 

(AUC) for IW increase in plasma for 

the four interventions. N=5-6. Data is 

given in mean +/- SEM. 
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In figure 31 are compiled the mean IW increase in plasma and plasma ACE activity as well as 

the AUC values after sublingual, oral, gastric juice non-resistant (GNR) and gastric juice 

resistant (GR) capsules administration of IW. Taken together, the results showed increase in 

mean IW plasma levels from basal levels after IW intake in all of the interventions. The highest 

% increase in mean IW plasma levels was observed from both the administration of IW in the 

form of GR capsules (+ 304.4 %) at 60 min (Fig. 31d) and from sublingual IW application 

(+303.4 %) at 10 min (Fig. 31a). This was followed by the oral route (IW as dissolved in a drink) 

(+265.8 %) at 20 min (Fig. 31b) and finally through IW GNR capsules (+163 %) at 10 min (Fig. 

31c). The results also showed high inter-individual variations among the participants especially 

after sublingual IW administration and the administration of IW through GR. In examining the 

median values for these results, the median values showed less maximum amounts for the % 

increase of IW after sublingual (Fig. 27a&g) and GR capsules application (Fig. 30a&g) than the 

mean values. However, the median values for oral (Fig. 28a&e) and GNR capsules (Fig. 29a&e) 

were similar to the mean values. Another striking difference between the various interventions 

was the time of maximum rise of plasma IW. Sublingual and GNR capsules interventions gave 

the fastest rise of plasma IW after 10 min. This was followed by oral intervention after 20 min 

and finally the GR capsules intervention after 60 min (Fig. 31a-d). In examining the AUC for the 

results, GR capsules administration gave the highest AUC value (Fig. 31e). This was followed by 

sublingual administration then oral route and finally the GNR capsules. The median AUC values 

from the GR capsules and sublingual interventions were lower than their mean AUC values thus, 

showing variability in the mean values for these two interventions. The AUC for the median IW 

increase in the oral and GNR capsules routes was however similar to the AUC for the mean 

values (Fig. 31e). The differences between the different AUC values for the four interventions 

was however not statistically significant except for when comparing between the AUC values for 

the GR and GNR capsules interventions, where the difference was statistically significant with a 

probability value of 0.03.  

Additionally, the results showed corresponding decrease in mean plasma ACE activity after IW 

intake in all of the interventions (Fig 31a-d). In examining the mean plasma ACE activity of the 

participants, sublingually administered IW gave the strongest reduction in ACE activity (-19.1 %) 

after 10 min, followed by the oral route (-16.8 %) after 15 min then by IW GR capsules (-13.6 %) 

after 60 min, and finally IW GNR capsules (- 9.3 %) after 10 min albeit with inter-individual 

differences between the participants. The differences in the maximum plasma ACE inhibition 

between the four interventions was however not statistically significant. The median values for 

the plasma ACE activities of the participants were also similar to the mean values. In all of the 
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interventions, the inhibition of plasma ACE activity could be related to an increase of IW in 

plasma in the early time points. The ACE inhibiting effect from IW given through the GNR 

capsules and sublingual routes was short-lived, lasting up until 20 and 60 min respectively (Fig. 

31a &c) while IW administered through the oral and IW GR capsules showed more prolonged 

ACE inhibiting effects up until 120 and 180 min respectively after IW intake (Fig. 31b &d). 

Finally, these results showed that the absorption of IW is not only limited to the intestines, rather, 

IW is also absorbed from other parts of the gastrointestinal tract such as oral mucosa and 

stomach with associated decrease in plasma ACE activity. 
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5. Discussion 

In this study, an ex-vivo intestinal perfusion method (EIPM) was developed based on 

modifications of the ex-vivo intestinal model by Mateer et al. (2016), to provide a physiologic ex-

vivo approach for studying intestinal absorption. This method simulates the physiologic 

absorption of substances through the intestinal lumen as compared to the commonly used 

Caco-2 in-vitro monolayer method (Hubatsch et al., 2007). Although several studies use the 

Caco-2 cell line to study the absorption of peptides via the expressed PepT1 transporter (Daniel, 

2004) meanwhile, several authors have doubts about the applicability of data gotten from these 

in-vitro experiments. Bourgine et al., showed from gene expression profiling studies comparing 

human intestinal biopsy samples and Caco-2 cell lines that critical Phase I xenobiotic-

metabolizing enzymes, CYP3A4, CYP7B1, ADH1B, and BCHE were missing in the cell lines 

(Bourgine et al., 2012). Furthermore, Verhoeckx et al., stated the absence of several cell types, 

mucus, unstirred water layer, bile acids and phospholipids, P-450 metabolizing enzyme and 

other intestinal components in the Caco-2 cell lines as reasons to be cautious in extrapolating 

data from such in vitro models to the in vivo situations (Verhoeckx et al., 2015). In addition, Foltz 

et al., compared in Caco-2 cell lines the absorption of IPP and VPP with ex-vivo transport in the 

Ussing chamber and found the ex-vivo absorption to be 5 – 10 times higher than that 

determined in Caco-2 cell lines (Foltz et al., 2008).  

It can then be discussed that intestinal absorption experiments using parts or whole intestines 

can offer a more complete picture than monolayer experiments considering the complexity of the 

intestinal tissue morphology. There are few other examples from literature that use the ex-vivo 

approach to study intestinal absorption (Fisher and Parsons, 1949, 1953; Santos et al., 1999; 

Holmstock et al., 2012; Weaver et al., 2015; Mateer et al., 2016). The EIPM clearly 

demonstrated caffeine for example, to be very permeable and easily absorbed across the 

intestinal epithelium. In our experiments with the lowest flow rate (0.05 mL/min), about 36% of 

the amount of caffeine given got absorbed through the 10 cm intestinal tissue length. 

Considering the small intestine length of 12 weeks old mice being about 35 cm long (Wołczuk et 

al., 2011), one can expect even more absorption across the whole length. In humans, caffeine 

has a 99-100% bioavailability after oral intake (Teekachunhatean et al., 2013).  

The EIPM was also used to test for the absorption of the dipeptides IW and WL which were 

previously known to inhibit ACE and were also increased in plasma after oral intake (Kaiser et 

al., 2016; Martin et al., 2019). However, in our EIPM studies, these peptides were degraded in 

the first minutes upon contact with the intestines and no absorption could be detected. The 
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differences in our EIPM results and in the human studies could perhaps be explained by other 

possible extra-intestinal absorption such as sublingual and gastric absorption in human subjects 

and mice (De Boer et al., 1984; Rubbens et al., 2018) or that alterations to blood and nerve 

supply in our EIPM was a limitation in accurately predicting absolute absorption of these 

compounds. Another possible reason could be that the detection limit of our HPLC system was 

too high to detect very low nanomolar amounts of IW as was detected in the human studies. 

However, the detection limit appears to be so low, that it is unlikely that a noteworthy fraction 

was missed. 

However, it can be discussed that the rapid intestinal degradation of IW and WL would partly 

explain for their very low plasma concentrations because if these substances are rapidly 

degraded in the intestines then only very few amounts will get to the plasma intact. It is also 

worth noting that other studies that investigated other bioactive peptides also reported very low 

nanomolar or even picomolar concentrations in plasma (Matsui et al., 2004; Foltz et al., 2007; 

Sánchez-Rivera et al., 2014). For example, consumption of a 250 mL lacto tripeptide-enriched 

beverage (containing 100 +/- 12 µmol/L IPP) in human subjects gave a Cmax of 897 +/- 157 

pmol/L for IPP in plasma (Foltz et al., 2007) in addition, absorption studies for IPP showed 

apparent permeability below 10-6 cm s-1, (meaning the substance has very low permeability with 

limited bioavailability) (Foltz et al., 2008). 

In examining the mass balance of IW and WL from the EIPM experiments, not all of the original 

amount of peptides given could be recovered in the sample fractions analyzed giving the need to 

analyze this further. Additional intestine-peptide co-incubation studies to observe direct intestine-

peptide interaction confirmed the intestinal degradation of these substances as was seen in the 

EIPM experiments (Fig.12). Additionally, homogenization of the intestinal tissues after co-

incubation with IW to check for possible intestinal wall adhesion of IW or tryptophan could not 

explain for this mass balance deficit (Fig. 14). This mass balance deficit could be discussed to 

be due to IW, WL and/or tryptophan being partly metabolized in the intestinal cells, so that the 

substances could not be quantified any more. A likely possibility can be the further metabolism 

of tryptophan which is discussed in the following.  

Tryptophan is an indispensable and essential amino acid that has to be supplied by ingested 

proteins and it is an important precursor of serotonin which is an important neuro-mediator 

regulating gastrointestinal functions, mood, appetite and hemodynamics (figure 33). Serotonin is 

known to be abundant in the intestines (Le Floc’h et al., 2011). However, the majority of 

tryptophan in mammals enters the kynurenic pathway and is converted to other bioactive 
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substances than serotonin, such as kynurenic acid and quinolinic acid (Höglund et al., 2019). 

Future studies could therefore be done to investigate intestinal serotonin and kynurenic acid 

contents before and after application of IW or WL. However, previous studies have shown that 

the administration of tryptophan only to human volunteers had no effect on plasma ACE activity 

(Kaiser et al., 2016). 

 

Figure 33: Simplified scheme of tryptophan metabolism and functions within different 

tissues (modified from Le Floc’h et al., 2011).  

Further attempts were made to identify the enzymes that degrade IW in the intestines using 

different general and specific enzyme inhibitors. The results from experiments with mouse tissue 

revealed three brush-border enzymes- DPEP1, APW and APN as the major enzymes involved in 

IW degradation (Fig. 17). It was also observed that individual inhibition of these enzymes had 

little or no effect on IW degradation rather, simultaneous inhibition of the three enzymes was 

necessary to prevent the degradation of IW in the intestine. It can be discussed that the activities 

of these enzymes in the intestinal tissues was so high that inhibition of only one of the three 

enzymes responsible for the degradation of IW was not sufficient to stop IW degradation. These 

three enzymes are discussed in the following in more detail. 
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DPEP1 is a glycosyl-phosphatidylinositol (GPI) anchored ectoenzyme that is involved in the 

metabolism of glutathione in the kidneys (McIntyre and Curthoys, 1982), conversion of 

leukotriene D4 to L4 in the lungs (Ikeda et al., 2003), hydrolysis of the beta-lactam antibiotic 

imipenem (Keynan et al., 1995) and hydrolysis of a variety of dipeptides in the intestines 

(Hooper, 2013a). APW is also located in the microvillar membrane of the intestine where it is 

thought to play a role in the metabolism of dietary peptides (Hooper, 2013b). Unfortunately, not 

much work has been published on APW in recent times and the possibility of other functions for 

APW beyond metabolism of peptides remains unknown.  

APN is an enzyme with broad spectrum of substrates that is widely distributed in all tissues but 

particularly abundant in the kidneys and brush-border membranes of the small intestine where it 

is involved in protein and peptide digestion (Turner, 2013). APN also contributes to the 

extracellular catabolism of glutathione (McIntyre and Curthoys, 1982). In addition, APN is a 

mediator in the extended RAS where it metabolizes angiotensin III (ANG III) to angiotensin IV 

(ANG IV) (Fig. 34) via cleavage of the N-terminal arginine (Danziger, 2008). ANG III is an 

angiotensin metabolite involved in centrally mediated pressor responses leading to systemic 

hypertension (Fink and Bruner, 1985; Wright et al., 1990). ANG IV causes renal natriuresis, 

without altering mean arterial pressure, glomerular filtration rate and urine volume (Hamilton et 

al., 2001). However, intra-cerebroventricular infusion of APN to SHR was found to massively 

reduce blood pressure (-96 mm Hg) with associated reductions in cerebrospinal fluid angiotensin 

II and III levels (Wright et al., 1989).  

 

Figure 34: A contemporary view of the 

synthesis and metabolism of 

angiotensin and related peptides 

(modified from Velez, 2009). 

Abbreviations: APA, aminopeptidase 

A; APN, aminopeptidase N; APX, 

unidentified aminopeptidase. 
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It is however unknown if the interactions of APN in the RAS also causes decrease or increase in 

ACE activity. This would help to determine whether the catalytic action of APN on IW in the 

intestines also leads to secondary effects on ACE activity.  

Other studies have shown that IW is degraded in plasma (Khedr et al., 2015). We therefore 

tested for the effects of inhibiting these three enzymes objectified in our experiments (DPEP1, 

APW and APN) on plasma degradation of IW. The results showed that inhibiting these three 

enzymes in plasma did not prevent the degradation of IW as was seen in the intestines. This 

suggested that there were at least additional enzymes that degrade IW. We also investigated if 

the co-incubation of IW with the intestines caused any change to intestinal ACE activity. The 

results showed no significant reduction in ACE activity in the intestinal tissues co-incubated with 

IW. Western blot analysis for ACE protein in the intestines also gave no significant decrease in 

intestinal ACE protein after co-incubation with IW. However, it is unknown if there are changes to 

other intestinal RAS components after co-incubation with IW. ANG II, AT 1 and AT 2 receptors, 

angiotensinogen, renin, ACE, ACE2 and NEP have all been identified in the intestines (Hirasawa 

et al., 2002; Garg et al., 2012). Thus, future analysis of changes to these intestinal RAS 

components after IW co-incubation can help to determine if IW interacts with any of them in 

addition to ACE, which could help to discover additional mechanisms of IW.  

Simulated gastric juice digestion of capsules for the human study was done to test the ability of 

these capsules to withstand gastric environment. As expected, the gastric juice resistant 

capsules were resistant against gastric digestion and were intact over a minimum period of 2 h. 

In contrary, the gastric juice non-resistant capsules were broken down into the solution during 30 

min (Fig. 25). In calculating the amount of IW released from the non-resistant capsules, the total 

amount released (278 nanomoles) was lower than expected (original amount -1580 nanomoles). 

This can be explained to be due to the non-total disintegration of the non-resistant capsules 

despite shaking. This non-total disintegration of the non-resistant capsules could possibly 

influence the absorption and thus plasma concentrations of IW. However, it can be expected 

that these non-resistant capsules will be totally disintegrated in the human stomach and with 

much higher release of IW, considering further grinding, mixing, milling and secreting actions 

happening there (Bornhorst et al., 2016). The gastric resistant capsules are specially designed 

to resist the acidic environment of the stomach and to disintegrate in the high pH environment of 

the intestinal fluid (Patel and Solanki, 2012). This is usually achieved by coating the capsules 

with special pH sensitive polymers. Once the capsules reaches an environment with a pH >5.5, 
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the polymer ionizes and dissolves, resulting in release of the drug in the human duodenum (Cui 

et al., 2020). 

We also tested for the stability of IW in saliva fluids of healthy participants and the results 

showed that IW was degraded in three of our participants while it remained stable in one 

participant. This degradation of IW could be due to the actions of certain peptidases, alanine 

aminopeptidase (ALAP) and dipeptidyl peptidase IV (DPPIV) which are present in saliva 

(Aemaimanan et al., 2009). However, increasing amounts of ALAP and DPPIV in saliva is 

thought to be associated with chronic periodontitis (Elgün et al., 2000; S. Rajasekar, 2016). 

Another possibility could be the actions of peptidolytic bacteria such as Streptococcus sanguis I 

strain Ny476 and Streptococcus sanguis II in saliva fluids (De Jong and Van Der Hoeven, 1987). 

The saliva microbiome is comprised of indigenous bacteria that are specific to each person with 

factors such as oral disorders, smoking, obesity and personal oral hygiene playing important 

roles (Goodson et al., 2009; Takeshita et al., 2016). However, all our participants were healthy, 

non-smokers and had no obesity. Our results showed that about 82 % of the amount of IW given 

could still be quantified after 10 min. Thus, this duration of 10 min was subsequently used as 

incubation time for our sublingual absorption studies (Fig. 35). Generally, buccal or sublingually 

administered substances tend to get absorbed into the blood streams very quickly (Table 5). 

However, this absorption is dependent on factors such as, the form of the substance and the 

vehicle used (Katzt and Barr, 1953), physical size of the substance (De Boer et al., 1984), 

lipophilicity, pH and solubility in saliva (Narang and Sharma, 2011).  

Table 5: Mean tmax of sublingually absorbed substances 

Substances Molecular mass Mean tmax (min) References 

Nitroglycerin 227.1 g/mol 2  (Armstrong et al., 1979) 

Isosorbide dinitrate 236.1 g/mol 9 (Kirsten et al., 1998) 

Isoleucine tryptophan 317.4 g/mol 10 Current study 

Nicotine 162.2 g/mol 20 (Zhang et al., 2002) 

Captopril 217.3 g/mol 40 (McElnay et al., 1996) 

Midazolam 325.8 g/mol 48  (Zhang et al., 2002) 

Mean tmax = time to reach maximum concentration in plasma after sublingual administration 

We also assessed for possible absorption of IW from other gastrointestinal sites by 

administering IW to healthy participants through different routes to test for sublingual, oral, 

stomach and intestinal absorption. The results showed a striking +303 % maximum mean 
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increase in IW plasma levels after 10 min of administering IW through the sublingual route 

(Table 6). However, there were inter-individual variations in the results. In particular, participant 

P2 had a very high increase of IW in plasma as compared to the others (Fig. 27c). These inter-

individual variations in the increase of IW in the participants may have been due to differences in 

the absorption of IW from the sublingual mucosa of the participants or to faster metabolism in 

saliva or faster metabolism in plasma.  

Generally, sublingual absorption occurs due to either passive diffusion, active transport or 

endocytosis transport of substances across the relatively thin sublingual mucosal epithelium 

(100-200µm) (Khan et al., 2017) into the richly supplied blood and lymphatic vessels of the 

sublingual mucosa (De Boer et al., 1984). This absorption is however influenced by the 

substance formulation (which was the same in our study for all participants), solubility and 

ionization in saliva and binding to oral mucosa (Narang and Sharma, 2011). The median values 

for all participants showed a moderate increase of IW in plasma (+196 % after 5 min of IW 

intake). The maximum median increase of IW (+203 %) was seen after 60 min (Table 7). This 

additional increase of IW in the latter time points was also seen in the total mean values (+218 

% after 60 min) and it can be explained to be due to further absorption upon swallowing IW after 

the 10 min sublingual incubation time in the participants. The lesser AUC value from the median 

results as compared to the mean values (Fig. 27i) is due to the fact that data distribution was not 

homogeneous. Therefore the median estimate is more reliable. However, both mean and 

median results showed rapid significant increase of IW after sublingual administration (Fig. 35).  

 

Figure 35: Percentage increase of IW in plasma within 10 min of IW sublingual 

administration. N=6. Data is given in mean +/- SEM. 
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Figure 35 shows the mean and median % increase of IW after sublingual administration. The 

absorption within 10 min of sublingual administration amounted to +303 % (mean) and +183 % 

(median) from baseline levels as judged from the plasma measurements (Fig. 35). This 

sublingual absorption of IW is however striking as no documented studies have investigated 

sublingual absorption of natural bioactive peptides in humans although it is known that some 

peptide drugs such as exenatide (Gedulin et al., 2008) can be administered sublingually. It is 

also worth noting that absorption enhancers can also be used to increase the sublingual 

absorption of substances which normally are hardly absorbed sublingually (Patel et al., 2011; 

Hearnden et al., 2012). This was used for example, to enhance the absorption of insulin (a large 

polypeptide), across the tight junctions of the sublingual mucosa (Cui et al., 2005). This 

enhancement could also help to further support the sublingual absorption of IW in humans. 

Enhancers of IW absorption were not addressed in our experiments. Future studies could 

therefore examine the effects of absorption enhancement on sublingual IW absorption.  

Administration of IW to the intestines through the gastric juice resistant capsules gave a 

maximum mean increase of +304 % in plasma (Table 6). The mean IW increase showed 

sequential increase and decrease of IW in plasma at time points 60, 150 and 210 min. This 

could be explained to be due to gradual disintegration and release of IW from the capsules in 

the intestines. The small intestinal transit time for pharmaceutical dosages lasts about 2 to 4 h in 

healthy humans (Davis et al., 1986; Staniforth, 1989; Pišlar et al., 2015; Savarino et al., 2015). 

This long intestinal transit would be responsible for the delay in the absorption of IW from the 

capsules. Long small intestinal transit times has also been shown from literature to affect drug 

absorption (Pearson et al., 1985; Mizuta et al., 1990; Lewis et al., 1998).There were also high 

inter-individual variations in the IW increase of the participants. Participant P2 showed a very 

high maximum increase of IW in plasma (1015.7 +/- 7.9 %) as compared to the other 

participants (Fig. 30c) while participant P7 showed only low increase of IW in plasma (119.7 +/- 

15.0 %). It is worth noting that the same participant P2 also showed very high IW plasma 

concentrations after sublingual application. These inter-individual variations could again be 

explained to be due to differential absorption from the intestines of our participants or due to fast 

metabolism in intestines or in plasma. Generally, dipeptides are absorbed from the intestines via 

the PepT1 peptide transporter. However, other mechanisms such as paracellular and 

transcellular routes do exist also for passage of intact peptides (Vermeirssen et al., 2004). In 

addition, the differences in the metabolic activities of the intestinal epithelium in the participants 

would also play a role in the final absorption (Levine, 1970).  
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The maximum median increase of IW in the participants was less (+156 % after 30 min) than the 

maximum mean IW increase (+304 % after 60 min) (Table 6 &7). Furthermore, the AUC values 

for both the mean and median increase for all volunteers showed that the very high increase of 

IW in P2 largely affected the calculation of the total mean values (Fig. 30i). Due to this individual 

heterogeneity, which caused a strong inhomogeneity in our small sample size, the quantification 

using data median appears more reliable. 

 

Table 6: Mean IW increase in plasma and plasma ACE inhibition after IW administration 

 Sublingual Oral GNR Capsules GR Capsules 

Max IW 

increase (%) 

303.4 +/- 116.5  265.8 +/- 28.5  163.0 +/- 11.7  304.4 +/- 179.6  

Tmax IW 

increase (min) 

10  20  10  60  

Max ACE 

inhibition (%) 

-19.1 +/- 4.5  -16.8 +/- 2.9  -9.3 +/- 3.7  -13.6 +/- 5.1  

Tmax ACE 

inhibition (min) 

10  15  10  60  

IW increase at 

max ACE 

inhibition (%) 

303.4 +/- 116.5  249.6 +/- 44.4  163.0 +/- 11.7  304.4 +/- 179.6  

AUC (%.min) 30459.7 +/- 

4019.8  

23940.1 +/- 

1489.8  

21755.1 +/- 

527.6  

46324.0 +/- 

16184.0  

 

Comparing mean IW increase in plasma related to baseline levels and corresponding plasma 

ACE inhibition after intake of IW through sublingual, oral, gastric juice non-resistant (GNR) 

capsules and gastric juice resistant (GR) capsules N=5-6. Data is given in mean +/- SEM. 
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Table 7: Median IW increase in plasma and plasma ACE inhibition after IW administration 

 Sublingual Oral GNR Capsules GR Capsules 

Max IW 

increase (%) 

203.7 +/- 21.7 287.3 +/- 25.9 151.8 +/- 4.7 156.3 +/- 12.3 

Tmax IW 

increase (min) 

60 20  10  30 

Max ACE 

inhibition (%) 

-17.9 +/- 2.2 -18.6 +/- 2.0 -9.6 +/- 2.7 -15.1 +/- 6.1 

Tmax ACE 

inhibition (min) 

5 15 10 60 

IW increase at 

max ACE 

inhibition (%) 

195.6 +/- 11.9 216.4 +/- 24.1 151.8 +/- 4.7 104.1 +/- 11.8 

AUC (area 

units) 

28295.7 +/- 

2966.8 

23601.2 +/- 

1512.5 

21825.5 +/- 

329.3 

29679.1 +/- 

2659.7 

 

Comparing median IW increase in plasma related to baseline levels and corresponding plasma 

ACE inhibition after intake of IW through sublingual, oral, gastric juice non-resistant (GNR) 

capsules and gastric juice resistant (GR) capsules N=5-6. Data is given in median +/- SEM 

It was interesting that IW administered to the intestines resulted in an increase of IW in the 

plasma of our participants. This result was contrary to our EIPM and intestine/peptide co-

incubation experiments where IW was totally degraded and not absorbed in the mouse intestine. 

However, it can be discussed here that IW directly administered to the intestines in humans 

could have been quickly absorbed and transported into the numerous blood vessels of the 

intestines (Geboes et al., 2001). Our ex-vivo intestines lacked a blood perfusion and therefore 

compound absorption and permeation of the intestinal wall only rely on diffusional processes, 

which may have enhanced the exposure time of IW to local enzyme activities. This may have 

allowed the intestinal enzymes to effectively degrade it.  

IW was also significantly absorbed when administered orally in the form of a drink with a 

maximum mean increase of 266 % in plasma after 20 min (Table 6). The median values also 

gave a similar maximum increase of 287 % after 20 min (Table 7) thus suggesting lesser 

variability in the results. However, absorption of IW from the GNR capsules was only marginal 
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with a mean increase of 163 % after 10 min (Table 6) and median increase of 152 % after 10 

min (Table 7). This low IW increase in plasma could be due to poor absorption from the harsh 

acidic environment of the stomach (Renukuntla et al., 2013). Furthermore, non-total 

disintegration of the IW capsules in the stomach, as discussed above, could also play a role. In 

this case, fluid-filled capsules can be considered in future studies as an option for stomach 

delivery of IW (Van Den Abeele et al., 2017). Furthermore, all the results showed inter-individual 

variations which were especially high in the sublingual and GR capsule routes. These inter-

individual variations could be explained to be as a result of the differential absorption of IW in the 

individuals. Additionally, variations in the gastrointestinal and plasma enzyme activities of the 

participants can also affect IW stability. For example, IW was more stable in P4 saliva than in P2 

saliva while in plasma it was the reverse (Fig. 36). These differences could be due to different 

concentrations of peptidases in the saliva and plasma of the two participants. It is worth noting 

that inter-individual variations were also seen in previous human studies with IW (Kaiser et al., 

2016; Martin et al., 2019).  

 

Figure 36: Comparing IW plasma and saliva stability in two participants. n=2-6. Data is 

given in mean+/-S.D. 

In examining the AUC for the IW increase in plasma for all the interventions, the GR capsule 

route gave the highest amount followed by the sublingual route then oral and finally stomach 

(Fig. 31e). The differences between the AUC values for the four interventions were however not 

statistically significant except for when comparing the AUC values for the intestine and stomach 

routes, where it was statistically significant with a probability value of 0.03. Nonetheless, the 

results from the percent increase of IW in plasma (Fig 31a-d) showed that IW was absorbed 
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from other non-intestinal parts of the gastrointestinal tract such as through the oral mucosa and 

the stomach to a lesser extent.  

In examining the changes to mean plasma ACE activity after IW intake, IW administered through 

the sublingual route gave the strongest decrease in mean plasma ACE activity (-19.1 %) after 10 

min followed by oral route (-16.8 %) after 15 min, then GR capsule route (-13.6 %) after 60 min 

and finally GNR capsule route (-9.3 %) after 10 min albeit with inter-individual variations (Table 

6). The differences in the maximum plasma ACE inhibition from the four interventions were, 

however, not statistically significant. The strong significant decrease in mean plasma ACE 

activity following sublingual administration (-19.1 %) at 10 min can be seen to be associated with 

the maximum increase in plasma IW levels (+303 %) at 10 min (Fig. 31a). However, this sharp 

decrease in plasma ACE activity from the sublingual route was short-lived and plasma ACE 

activity was normal again after 60 min. This could be due to the degradation and rapid reduction 

of IW levels in the plasma of the participants such that no further ACE inhibition could be seen. 

Oral administration of IW also showed strong, significant ACE inhibition (-16.8 %) with prolonged 

effects up until 120 min (Fig. 31b). This effect could be explained to be due to combined rapid 

absorption of IW from the oral mucosa and further absorption from other down tract organs 

(oesophagus, stomach and intestines) after oral intake. Administration of IW through the GR 

capsules gave a prolonged (150 min) albeit less strong inhibition of ACE (-13.6 %). The 

maximum inhibition of ACE was not statistically significant (Fig. 31d). This prolonged inhibition 

could be explained to be due to slow or gradual release of IW from the capsules in the intestines 

leading to slow or gradual absorption with prolonged ACE inhibition in the same time period. The 

GNR capsule route showed the lowest plasma ACE inhibition effect (-9.3 %) after 10 min of 

administering IW through GNR capsules (Fig. 31c). The maximum inhibition of ACE was not 

statistically significant. This can be explained to be due to poor absorption of IW in the stomach 

with only very little ACE inhibiting effects seen in plasma.  

The median values in table 7 showed the oral route as having the highest inhibition of plasma 

ACE (-18.6 %), followed by the sublingual route (-17.9 %), then GR capsules (-15.1 %) and 

finally GNR capsules (-9.6 %). In all of the interventions, there was a correlation of IW increase 

with plasma ACE inhibition in the early time points. It was however interesting that the highest, 

significant inhibition of plasma ACE was seen from both the sublingual and oral routes despite 

both interventions having less AUC (less absorption) than the GR capsule route. This effect can 

be discussed to be due to exposure to high amounts of IW upon absorption from the sublingual 

and oral routes within a short period (first 5 to 20 min) leading to strong plasma ACE inhibition 
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within the same period whereas the high IW absorption from the intestine occurred over a long 

period (30 to 150 min) leading to prolonged but less strong plasma ACE inhibition in the same 

period. Thus, administration of IW through the sublingual route or orally as dissolved in a drink 

would be a good strategy for administering IW as a short-acting and effective ACE inhibiting 

peptide while the GR capsules would provide a longer acting but less strong inhibition of plasma 

ACE. 
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6. Conclusion 

This research project investigated the interactions of the bioactive dipeptide IW with the 

gastrointestinal system to understand the discrepancy between very low IW plasma 

concentration and plasma ACE inhibition after oral intake. Using an ex-vivo intestinal perfusion 

method, the absorption of IW was elucidated. With this method, it was shown that IW was not 

absorbed as an intact peptide through the intestinal tissue but was rather, rapidly broken down 

into its component amino acids. This rapid degradation of IW in the intestines may contribute to 

the very low concentration of IW detected in plasma. Further intestinal/peptide co-incubation 

studies also investigated the major enzymes responsible for IW degradation to be DPEP1, APW 

and APN. The identified enzymes were not fully responsible for degrading IW in plasma. Co-

incubation of intestine with IW had a significant effect neither on ACE activity nor expression. IW 

stability in saliva was also elucidated and it was shown that IW was degraded in three out of four 

participants. However, a sufficient amount of IW remained intact for the time of oral absorbance 

(10 min). Further absorption studies in humans investigated different routes of administering IW 

and found IW to be significantly absorbed via the oral mucosa and stomach (to a lesser extent) 

in addition to the intestines. The highest plasma ACE inhibition obtained from the human 

participants was after the sublingual and oral intake of IW. Thus, the plasma ACE inhibiting 

effect of IW starts already after rapid absorption in the mouth even before it reaches the 

intestinal mucosa. 
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Summary 

High blood pressure is a global health problem affecting billions of people around the world and 

has serious physical, financial and also productivity implications (Forum and Health, 2011; 

WHO, 2013; Williams et al., 2018). The inclusion of bioactive peptides with antihypertensive 

effects such as isoleucine-tryptophan (IW) is under discussion as a possible prevention strategy 

for hypertension. The dipetide IW inhibits the angiotensin-converting enzyme (ACE) and shows 

an antihypertensive effect in animal experiments (Martin et al., 2008b; Kaiser et al., 2016). 

However, the absorption of this dipeptide has not yet been clarified. 

Therefore, the absorption and stability of bioactive peptides should be investigated in the 

present study using the dipeptide IW. The following 3 objectives should help to clarify the 

absorption of IW in vivo. 

1) To study the intestinal absorption of IW ex-vivo by intestinal perfusion method (EIPM).  

2) To evaluate the intestinal stability of IW by intestinal/peptide co-incubation and subsequent 

studies to identify IW-degrading enzymes. 

3) Investigation of possible further gastrointestinal absorption routes of IW in humans. 

First, the ex-vivo intestinal perfusion method (EIPM) was established, allowing a physiological 

estimation of the absorption of IW through the mouse intestine. Using this method, the 

absorptive functions of the intestine were first tested and confirmed ex-vivo with the control 

substances, caffeine and erythrocytes before the absorption of the dipeptides IW and WL was 

investigated. The results of the dipeptide studies showed that IW and WL were not absorbed 

intact from the mouse intestine, but the amino acid tryptophan contained in the sequence of 

dipeptides was detected. This suggests that the dipeptides were rapidly degraded by the 

intestinal enzymes with subsequent release of tryptophan. The calculation of the mass balance 

showed a significant mass deficit for IW and WL (18 % for IW and 15 % for WL).  

The intestinal/peptide co-incubation studies also showed a rapid decrease (within 5 minutes) in 

IW and WL concentrations and a simultaneous increase in tryptophan concentration. This 

confirmed that IW and WL are rapidly degraded in the intestine. As seen with the EIPM results, 

the co-incubation studies also showed a significant mass deficit (19% for IW and 21% for WL).   

For the identification of IW-degrading enzymes, intestinal peptide co-incubation was additionally 

performed with various general and specific inhibitors in addition to IW. It could be shown that 
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membrane dipeptidase, aminopeptidase W and aminopeptidase N are the enzymes that mainly 

degrade IW in the intestine. The simultaneous inhibition of these enzymes significantly 

prevented the degradation of IW in the intestine. After 5 min incubation, 64.1 % of the IW used 

was quantified. Commercially available antibodies are available for aminopeptidase N and 

membrane dipeptidase, so that both were detected as brush border enzymes in the intestinal 

epithelium by Western blot and immunochemistry. In further experiments, it was investigated 

whether the above-mentioned enzymes are also responsible for the degradation of IW in 

plasma. The results showed that these identified enzymes did not prevent the degradation of IW 

in plasma, which shows that other enzyme groups are involved.  

Furthermore, changes in intestinal ACE-activity and intestinal ACE-protein levels after incubation 

with IW were investigated. Incubation with IW showed a reduction in ACE activity, which, 

however, did not reach significance due to the high standard deviation. The ACE protein level 

showed no significant changes after incubation with IW.  

With regard to human studies, IW stability was investigated in saliva samples from 4 volunteers. 

While one sample did not show any degradation of IW over 30 min, the other 3 showed a 

significant degradation of IW. After 10 min incubation, in the mean 81.7 % IW was still intact but 

after 30 min only 68.6 % IW was remaining. Parallel to the IW degradation, the tryptophan 

concentration increased. With the mass balance of 108.2 %, a clear degradation of IW could be 

confirmed.  

In order to assess the possible absorption of IW over the entire gastrointestinal tract in humans, 

IW was administered via different routes: sublingually, dissolved in drinking water, as enteric 

capsules and as non-enteric capsules. The results of the absorption studies with 5 to 6 subjects 

showed an increase of IW in plasma compared to basal values in the following interventions: as 

capsules resistant to gastric juice (mean; +304 %, median; +156 %), sublingual (mean; +303 %, 

median; +204 %), IW dissolved in drinking water (mean; +266 %, median; +287 %) and finally as 

capsules without gastric juice resistance (mean; +163 %, median; +152 %). It has to be 

mentioned that all measured parameters were subject to high inter-individual fluctuations. The 

area under the curve for the IW increase was in the following order: IW enteric capsules > 

sublingual IW > IW dissolved in drinking water > IW capsules without enteric resistance. This 

applies both to the comparison of the mean value and the median.  

Corresponding inhibition of plasma ACE activity was also observed in the participants after IW 

ingestion, and IW administered via the sublingual route caused the strongest inhibition of plasma 
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ACE activity (mean; -19.1%, median; -17.9 %), followed by IW dissolved in drinking water 

(mean; -16.8 %, median; -18.6 %), then IW capsules resistant to gastric juice (mean; -13.6 %, 

median; -15.1 %) and finally IW capsules without gastric juice resistance (mean; -9.3 %, median; 

-9.2 %). 

In summary, the results of the present study have shown that IW is rapidly degraded in the 

intestine, which plays a role in its bioavailability. Membrane dipeptidase, aminopeptidase N and 

aminopeptidase W have been identified as the most important enzymes that degrade IW in the 

intestine, but they are not responsible for IW degradation in plasma. Finally, the results of the 

human studies showed that IW was mainly absorbed sublingually and intestinally, and to a 

lesser extent from the stomach. Parallel to the absorption, plasma ACE was inhibited. These 

studies thus provide an important basis for the absorption of bioactive peptides, which is helpful 

for the considerations of the application type of these peptides. 
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Zusammenfassung 

Bluthochdruck ist ein globales Gesundheitsproblem, das Milliarden von Menschen weltweit 

betrifft und schwerwiegende physische, finanzielle und auch produktivitätsbezogene 

Auswirkungen hat (Forum and Health, 2011; WHO, 2013; Williams et al., 2018). Die Aufnahme 

bioaktiver Peptide mit blutdrucksenkender Wirkung wie das Isoleucin-Tryptophan (IW) ist als 

mögliche Präventionsstrategie für die Hypertonie in Diskussion. Das Dipetid IW hemmt das 

Angiotensin-Converting-Enzym (ACE) und zeigt im Tierversuch eine blutdrucksenkende Wirkung 

(Martin et al., 2008b; Kaiser et al., 2016). Die Absorption dieses Dipeptids ist jedoch noch nicht 

aufgeklärt. 

Daher sollte in der vorliegenden Arbeit die Absorption und Stabilität bioaktiver Peptide am 

Beispiel des Dipeptids IW untersucht werden. Die folgenden 3 Zielsetzungen sollten dabei 

helfen die Aufnahme von IW in vivo aufzuklären. 

1) Untersuchung der intestinalen Absorption von IW ex-vivo mittels Darmperfusion (EIPM).  

2) Bewertung der intestinalen Stabilität von IW mittels Darm/Peptid-Co-Inkubation und 

anschließenden Studien zur Identifikation IW-abbauender Enzyme. 

3) Untersuchung auf mögliche weiter gastrointestinale Absorptionsrouten von IW beim 

Menschen. 

Im ersten Schritt wurde die ex-vivo Darmperfusions-Methode (EIPM) etabliert, so dass eine 

physiologische Abschätzung der Absorption von IW durch den Mausdarm möglich wird. Mit 

dieser Methode wurden die absorptiven Funktionen des Darms ex-vivo zunächst mit den 

Kontrollsubstanzen, Koffein und Erythrozyten geprüft, bevor die Absorption der Dipeptide IW 

und WL untersucht wurden. Die Ergebnisse aus den Dipeptid Studien zeigten, dass IW und WL 

nicht intakt aus dem Mausdarm absorbiert wurden, allerdings die in der Sequenz der Dipeptide 

enthaltene Aminosäure Tryptophan konnte nachgewiesen werden. Dies lässt darauf schließen, 

dass die Dipeptide durch die Darmenzyme mit anschließender Freisetzung von Tryptophan 

rasch abgebaut wurden. Die Berechnung der Massenbilanz zeigten für IW und WL ein 

signifikantes Massendefizit (18 % für IW und 15 % für WL).  

Die Darm/Peptid-Co-Inkubationsstudien zeigten ebenfalls eine rasche Abnahme (innerhalb von 

5 Minuten) der IW- und WL-Konzentrationen und gleichzeitig eine Zunahme der 

Tryptophankonzentration. Damit konnte bestätigt werden, dass IW und WL im Darm rasch 
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abgebaut wird. Auch in den Co-Inkubationsstudien gab es wie bei den EIPM-Ergebnissen ein 

signifikantes Massendefizit (19 % für IW und 21 % für WL).  

Für die Identifizierung der IW abbauenden Enyzme wurden die Darm-Peptid-Co-Inkubation 

zusätzlich neben IW mit verschiedenen allgemeinen und spezifischen Inhibitoren durchgeführt. 

Dabei konnte gezeigt werden, dass Membrandipeptidase, Aminopeptidase W und 

Aminopeptidase N die Enzyme sind, die hauptsächlich IW im Darm abbauen. Die gleichzeitige 

Hemmung dieser Enzyme verhinderte signifikant die Hydrolyse von IW im Darm. So wurden 

64,1 % des eingesetzten IW nach 5 min quantifiziert. Für Aminopeptidase N und die 

Membrandipeptidase sind kommerziell erhältliche Antikörper vorhanden, so dass die beiden 

mittels Western Blot und Immunchemie als Bürstenrandenzyme im Darmepithel nachgewiesen 

wurden. In einer weiteren Versuchsreihe wurde untersucht, ob die oben genannten Enzyme 

auch für den Abbau von IW im Plasma verantwortlich sind. Die Ergebnisse zeigten, dass diese 

identifizierten Enzyme den Abbau von IW im Plasma nicht verhinderten, was zeigt, dass dort 

andere Enzymgruppen beteiligt sind.  

Weiter wurden Veränderungen der intestinalen ACE-Aktivität und des intestinalen ACE-

Proteinspiegels nach der Inkubation mit IW untersucht. Es zeigten sich durch die Inkubation mit 

IW eine Verringerung der ACE-Aktivität, die allerdings auf Grund der hohen 

Standardabweichung keine Signifikanz erreichte. Der ACE-Proteinspiegel zeigte durch die 

Inkubation mit IW keine signifikanten Veränderungen.  

Im Hinblick auf die Humanstudien wurde die IW Stabilität in Speichelproben von 4 Freiwilligen 

untersucht. Während bei einer Probe keinerlei Abbau von IW über 10 min gesehen wurde, 

zeigten die anderen 3 dagegen einen deutlichen Abbau von IW. Nach 10 min Inkubation waren 

im Mittel noch 81,7 % IW intakt nach 30 min nur noch 68,6 %. Parallel zum IW – Abbau nahm 

die Tryptophan-Konzentration zu. Mit der erhaltenen Massenbilanz von 108,2 % konnte 

eindeutig ein Abbau von IW bestätig werden.  

Um die mögliche Absorption von IW über den gesamten Magen-Darm-Trakts beim Menschen zu 

beurteilen, wurde IW über verschiedene Wege verabreicht: sublingual, in Trinkwasser gelöst, als 

magensaftresistente Kapseln und als nicht magensaftresistente Kapseln. Die Ergebnisse der 

Absorptionsstudien mit 5 bis 6 Probanden zeigten einen Anstieg von IW im Plasma im Vergleich 

zu den basalen Werten bei den folgenden Interventionen: als magensaftresistente Kapseln 

(Mittelwert; +304 %, Median; +156 %), sublingual (Mittelwert; +303 %, Median; +204 %), in 

Trinkwasser gelöst (Mittelwert; +266 %, Median; +287 %) und schließlich als Kapseln ohne 
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Magensaftresistenz (Mittelwert; +163 %, Median; +152 %). Alle Messparameter unterlagen 

hohen interindividuellen Schwankungen. Die Fläche unter den Kurven für den IW-Anstieg wurde 

in folgender Reihenfolge kalkuliert: IW magensaftresistente Kapseln > sublinguale IW > IW in 

Trinkwasser gelöst > IW Kapseln ohne Magensaftresistenz. Dies gilt sowohl für den Vergleich 

des Mittelwerts als auch für den des Median.  

Eine entsprechende Hemmung der Plasma-ACE-Aktivität wurde auch bei den Teilnehmern nach 

der IW-Einnahme beobachtet. IW, das über dem sublingualen Weg verabreicht wurde, bewirkte 

die stärkste Hemmung der Plasma-ACE-Aktivität (Mittelwert; -19,1 %, Median; -17. 9 %), gefolgt 

von in Trinkwasser gelösten IW (Mittelwert; -16,8 %, Median; -18,6 %), dann IW-

magensaftresistente Kapseln (Mittelwert; -13,6 %, Median; -15,1 %) und schließlich IW- Kapseln 

ohne Magensaftresistenz (Mittelwert; -9,3 %, Median; -9,2 %). 

Zusammenfassend haben die Ergebnisse der vorliegenden Studie gezeigt, dass IW im Darm 

rasch abgebaut wird, was für seine Bioverfügbarkeit eine Rolle spielt. Als die wichtigsten 

Enzyme, die IW im Darm abbauen, wurden die Membrandipeptidase, Aminopeptidase N und 

Aminopeptidase W identifiziert, diese sind allerdings nicht für den IW-Abbau im Plasma 

verantwortlich. Schließlich zeigten die Ergebnisse der Humanstudien, dass IW vor allem 

sublingual und intestinal, in geringerem Masse auch über den Magen absorbiert wurde. Parallel 

zu der Absorption wurde das Plasma-ACE gehemmt. Diese Studien liefern damit wichtige 

Grundlagen für die Absorption bioaktiver Peptide, welche für die Überlegungen der 

Applikationsart dieser Peptide hilfreich sind.  
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