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ABSTRACT 

Delivering high quality dietary protein at an affordable price is a major aim of the EU-funded CHANCE project. 
Foods have been formulated with this aim and as part of their nutritional assessment; the bioaccessbility of nu- 
trients following simulated gastroduodenal digestion is being investigated. Nutrimetabolomics approaches can be 
used to comprehensively and quantitatively analyse nutrients and metabolites. They have been applied to moni- 
tor nutrient release from ham, formulated in the CHANCE project, during in vitro digestion. SDS-PAGE analy- 
sis shows that constituent ham proteins were broken down to lower molecular weight polypeptides (Mr ≤ 10 kDa) 
after 120 min simulated gastric digestion which was digested further by subsequent duodenal digestion. Diges- 
tion of porteins resulted in the appearance of coalesced lipid droplets associated with the loss of the muscle pro- 
tein matrix of the ham. Important nutrients, such as choline, creatine, carnosine, sucrose, cholesterol, triacyl- 
glyceride and fatty acids (saturated and unsaturated) were identified using 1H NMR. Chance ham is a good 
source of dietary protein and the combined approach can provide representative data on the bioaccessibility of 
all detectable nutrients contained in CHANCE ham to human digestive system. 
 
KEYWORDS 

In Vitro Digestion; Ham; Nutrimetabolomics; NMR; Bioaccessibility 

1. Introduction 

Improving the nutritional quality of processed foods is 
crucial if human kind is to address the pressing need to 
feed the worlds’ population in an era of climate change 
when there is increasing uncertainty regarding the food 
supply. Delivering high quality dietary protein at an af- 
fordable price is important, especially if vulnerable 
groups, such as young children and the elderly, who are 
at risk of poverty, are to have a nutritionally well-ba- 
lanced diet. This is a major aim of the EU-funded 
CHANCE project [Low cost technologies and traditional 
ingredients for the production of affordable, nutritionally 
correct foodsimproving health in population groups at 
risk of poverty] which has developed several food for- 

mulations aimed at meeting the needs of such group. 
Maintaining the bioaccessibility of nutrients in fortified 
foods is a must for the food technologists, especially for 
those products being developed to meet the needs of a 
specific population. As part of the nutritional assessment 
of the CHANCE food formulations, the bioaccessibility 
of nutrients following simulated gastroduodenal diges- 
tion is being investigated, using a nutrimetabolomics ap- 
proach. This has been applied to a pork-based ham-like 
meat product enriched with ingredients that could modify 
the structure of the matrix compared to conventional 
ham.  

The digestive process transforms and degrades com- 
plex food structures, rendering macronutrients into an 
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absorbable form. Several different types of in vitro di- 
gestion model have been developed to mimic this process, 
modelling the environments of the stomach and small 
intestine by sequential addition of digestive enzymes and 
salts [1]. These models are being widely used to study 
food behaviour in the gastrointestinal lumen or to assess 
how the availability of nutrients is affected by food 
structure and formulation [2] and encapsulation [3] or the 
addition of fibres [4]. Other applications of in vitro di- 
gestion models include oral drug delivery systems [5], 
breakdown of food allergens [6] and toxin presence [7]. 
In addition to batch digestion models, dynamic digestion 
models have been developed building on in vivo data 
from magnetic resonance imaging (MRI) studies to ad- 
dress physical processes such as mixing, dilution and dis- 
persion of different food matrices on digestion [8,9]. The 
application of a dynamic in vitro digestion model to ce- 
real foods with different compositions and structures 
showed that patterns and kinetics of starch digestion in 
vitro resembled changes in blood glucose in vivo after 
consumption of similar foods [10]. In addition the ab- 
sorptive capacity of the intestinal mucosa has been mod- 
elled using the Caco-2 cell line, derived from a human 
colon adenocarcinoma cell line which can differentiate to 
provide a cellular model of the enterocyte [11]. 

A metabolomics approach is suitable to study the bio- 
transformation of food in the gastrointestinal tract, where 
all the low molecular metabolites in a biological sample 
are described simultaneously [12]. Nuclear magnetic 
resonance spectroscopy (NMR) and mass spectrometry 
(MS) are two of the most commonly used techniques in 
metabolomics [13]. The application of such “OMICs” 
technology to human nutrition is known as nutrime-
tabolomics. It usually takes two different aim forms. One 
is investigating the effect of nutrients or specific dietary 
components on the human metabolome and metabolic 
regulation [14] using human fluid or tissue samples from 
nutritional studies and interventions. A second aspect is 
the study of the entire complement of nutrients in a food 
sample [15,16]. The capacity of metabolomics to simul- 
taneously profile many low molecule weight organic 
compounds in a sample means it is well suited to follow- 
ing nutrients release during digestion when combined 
with in vitro digestion models. This allows a systematic 
approach to be taken to the study of the biotransforma- 
tion of low molecular weight compounds during the di- 
gestive process [17]. It also has the potential show whe- 
ther the breakdown of different nutrients, especially the 
macronutrients which form food microstructure, is mu- 
tually dependent [4,18]. The CHANCE ham was chose- 
nas a model food due to the number and variety of ma- 
cronutrients this food matrix contains, including proteins, 
lipids and carbohydrates. It is also a fabricated animal 

protein structure, developed to include iron and vitamin 
D rich ingredients, which has not been widely studied 
before. 

2. Materials and Methods 

2.1. Materials 

Ham developed as part of the CHANCE project was pro- 
vided by Dr. Anamarija Mandic (the Institute for Food 
Technology Novi Sad, Serbia). Porcine pepsin (4293 
U/mg), porcine α-amylase (50 U/mg) and lipase from 
Aspergillusniger (≥120 U/mg) were purchased from Sig- 
ma-Aldrich (Dorset, UK); whereas porcine trypsin (780 
U/mg) and human salivary amylase (126 U/mg) were 
sourced from Applichem GmbH (Denmark). Porcine 
lipase (25.2 U/mg) was obtained from MP Biomedicals 
andbovine α-chymotrypsin (11.9 U/mg) from Merck 
(Nottingham, UK). 12% NuPAGEBis-tris gels, See Blue 
TM pre stained marker and Simply Blue TM safe stain 
were obtained from in vitro gen (UK). Methanol, chlo- 
roform, deuterium water, deuterium chloroform and 3- 
Trimethylsilylpropionic acid (TSP) were purchased from 
Sigma Aldrich, UK. NMR tubes (178 Mm Mhz 600) 
were sourced from VWR International Ltd. 

2.2. In Vitro Digestion 

Digestions were performed in vitro using a batch diges- 
tion model comprising oral [model chew], gastric and 
duodenal stages. The digestive enzymes added were cal- 
culated based on the amount of substrates (protein or 
carbohydrate in the ham) and the activity unit of the en- 
zyme and buffers using concentrations used in previous 
publications [19,20] (Table 1). 

Model chew: Ham was cut and ground with a mortar 
and pestle with the presence of simulated salivary fluid 
(SSF, 0.15 M NaCl pH 7 containing 6 µg/ml lysozyme, 
0.2 Uhuman salivaryamylase/mgham carbohydrate) at a 
3:1 (w:v) ratio to simulate the chewing. After mixing 
further at 37˚C for 5 min with shaking at 170 rpm to si- 
mulate the action of saliva, the “chew” was sampled for 
further analysis and the remainder subjected to gastro- 
duodenal digestion.  

Gastric model: model chewed material was mixed 
with simulated gastric fluid (SGF, 0.9 mM NaH2PO4, 3 
mM CaCl2, 0.1 M HCl, 0.15 M NaCl, 16 mM KCl, 183 
Uporcine pepsin/mg ham protein, 1.4 Ulipase from As- 
pergillusniger/mg ham fat from, pH 2.5) and the pH ad- 
justed to 2.5 using 1 M HCl. The mixture was then incu- 
bated at 37˚C with shaking at 170 rpm. The mixture was 
prepared in several universal tubes for different time 
points. Samples were collected at 0, 20, 40, 60 and 120 
min (termed G0-G120). Pepsin was inactivated by rais- 
ing the pH to >7.5 by addition of 0.5 M NaHCO3. The 
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Table 1. The enzyme unit and amount used in this study. 

Enzyme Enzyme unit (BAEE*) Enzyme to substrate in ham (w:w) 

Human salivary amylase 126 U/mg 0.2 U/mg carbohydrates (1:630) 

Pepsin 4293 U/mg 183 U/mg protein (1:23.4) 

Lipase Aspergillusniger 120 U/mg 1.4 U/mg fat (1:86.6) 

Trypsin 780 U/mg 34.5 U/mg protein (1:29) 

Chymotrypsin 11.9 U/mg^ 0.4 U/mg protein (1:30) 

Porcine lipase 25.2 U/mg 1 U/mg fat (1:25) 

Porcine amylase 50 U/mg 1.7 U/mg carbohydrates (1:29) 

*One BAEE unit will produce a ΔA253 of 0.001 per min at pH 7.6 at 25˚C using Nα-Benzoyl-L-arginine ethyl ester (BAEE) as substrate; ^Expressed as BTEE 
unit (N-Benzoyl-L-tyrosine ethyl ester). 

 
control sample (GU) had no digestive enzymes added but 
did undergo pH transitions and incubations. 

Duodenal model: Samples G0 and G60 from the batch 
gastric digestion were taken forward into the duodenal 
digestion. Gastric digesta were mixed with hepatic mix 
solution (HMS; 0.68 ml, 12.5 mM sodium taurocholate, 
12.5 mM sodium glycodeoxycholate, 146 mM NaCl, 2.6 
mM CaCl2, 4.8 mM KCl, 4 mM cholesterol, pH 6.5) for 
10 min at 37˚C with shaking prior to addition of pan- 
creatic mix solution (PMS, 0.6 mM CaCl2, 4.1 μM 
ZnSO4, 125 mM NaCl, 0.3 mM MgCl2, 34.5 U/mg pro- 
teintrypsin, 0.4 Ubovine α-chymotrypsin/mg ham protein, 
1.7 Uporcine α-amylase/mg ham carbohydrate, 1 Upor- 
cine lipase/mg ham fat). Samples were incubated with 
shaking, and sampled at 0, 20, 60 and 120 min (Sample 
G0D0 to G60D120). The action of trypsin and chymo- 
trypsin was stopped by the addition of phenylmethylsul- 
fonyl fluoride (PMSF). 

All samples were stored in −20˚C immediately after 
collection. 

2.3. Protein Extraction and Gel Electrophoresis 

Frozen digesta were thawed on ice and centrifuged at 
13,000 rpm for 5 min at 4˚C and the supernatant contain- 
ing soluble protein and metabolites collected. The pellets 
containing insoluble protein were extracted with RIPA 
buffer (50 mM Tris-HCl pH 7.5 containing 150 mM 
NaCl, 0.1% (w/w) SDS, 0.5% (w/w) sodium deoxycho- 
late, 1% (w/w) Triton X 100). The proteins in the soluble 
fraction and RIPA extracts were determined using a BCA 
assay performed in a 96 well microplate format and bo- 
vine serum albumin (BSA) was used as a standard. Su- 
pernatant and extracted pellet protein was heated for 10 
mins at 90˚C with NuPAGE LDS buffer (In vitro gen, 
UK) containing 10 mM DTT. Protein samples (20 μg/ 
track for soluble protein and 10 μg/track for RIPA ex- 
tracts) were loaded onto 4% - 12% NuPAGEBis-tris gels 
with a molecular marker (See Blue Plus2, Invitrogen). 
They were then subjected to electrophoresis for 35 min at 
200 V using NuPAGE MES buffer (Invitrogen, UK). 

Gels were fixed for 2 h in fix solution (50% MeOH (v/v), 
10% (v/v) trichloroacetic acid) and stained overnight 
with Simply Blue TM safe stain. Gels were destained 
with distilled water before imaging using a Typhoon Trio 
scanner (GE Healthcare, Buckinghamshire, UK). 

2.4. Microscopy 

Digesta were centrifuged at 13,000 rpm for 5 min at 4˚C 
and approximately 10 µg of the pellet fraction place don 
to a glass slide with a cover slip and imaged using an O- 
lympus BX51 upright microscope with a 100x oil objec- 
tive. Images were captured using a Coolsnap ES camera 
through MetaVue Software (Molecular Devices). Cali- 
bration was performed and the scale bar added using 
Image J (http://rsb.info.nih.gov/ij/). 

2.5. 1H Nuclear Magnetic Resonance  
Spectroscopy 

Digesta prepared for NMR analysis were centrifuged and 
the supernatant fractions collected. The supernatant was 
prepared by adding 540 µl deuterated water and 10 µl of 
10 mM trimethylsilyl propionate (TSP) into 60 µl of su- 
pernatant. A dual phased methanol-chloroform extraction 
protocol was used to prepare the lipids for NMR analysis 
from unfractionated digesta [21]. Samples of digesta (50 
mg, wet weight) were suspended in 400 µl methanol and 
sonicated before addition of two lots of 200 µl each of 
chloroform to form a dual-phase. The lower chloroform 
phase was collected and dried overnight in a fume hood. 
Lipid extracts were resuspended in 600 µl of deuterated 
chloroform containing 5 µl of 10 mM TSP. The spectra 
were acquired at 298 K using a BrukerAvance III 500 
MHz spectrometer equipped with a QCI-F cryoprobe 
with z-gradients (BrukerBioSpin, Germany). A standard 
pulse sequence with water suppression by excitation 
sculpting (zgesgp from Bruker Topspin using the stan- 
dard parameter set) was used to acquire 32 K data points, 
with a relaxation delay of 4s and an acquisition time of 
2.5 s. Signal assignment was confirmed by literature 
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[22-25] and web database [26]. All spectra were ma- 
nually phased, referenced to TSP at 0ppm. Spectra of 
metabolites were normalised to the lactate signal at 1.3 
ppm and the 4.5 - 0.4 ppm region was plotted to exclude 
the water peak at 4.7 ppm and the TSP peak at 0 ppm. 
Metabolites were quantified by integration of specific 
signals using the normalised spectra. Principle compo- 
nent analysis (PCA) was performed using software R. 

3. Results 

Protein digestion was monitored by SDS-PAGE (Figure 
1). Here, changes to the protein profile can be observed. 
More bands, especially the higher molecular weight po- 
lypeptides of Mr > 50 kDa, were present in the gastric 
digesta compared to the duodenal digesta. Soluble pro- 
tein bands of Mr 135 and 23 kDa decreased in intensity 
(red arrows) and protein bands of Mr 57 and 17 kDa in- 
creased in intensity (green arrows) over the time of gas- 
tric digestion. Fewer proteins of Mr > 50 kDa were ob- 
served in the insoluble protein fraction, especially in 
sample G120. However, polypeptides observed in the 
duodenal digesta all decreased in intensity (green arrow). 

1H NMR spectra of ham after gastroduodenal digestion 
at zero minutes (G0D0) (Figure 2) shows a complex 
profile of resonances originating from metabolites, lipids 
and macromolecules (MM) largely relating to protein 
fragments. Spectral signals were assigned using pub- 
lished reference spectra (Table 2) for most abundant 
metabolites, such as acetate, lactate and creatine, likely 
originate from the pork muscle used in ham production. 
Two resonances at 3.8 and 3.6 ppm could be assigned to 
sucrose whilst the amino acidalanine and the dipeptide- 
carnosine (β-alanine and histidine) were identified at 
1.48 and 2.68 ppm, respectively. A broad set of overlap- 
ping peaks around 0.9 ppm which was assigned to solu-
ble macromolecules, such as the proteins observed by 
SDS-PAGE. In addition, peaks due to emulsion lipids 
were observed at 1.3 and 0.8 ppm together with a set of 
peaks assigned as total choline (T-choline), which col-
lects the whole ensemble of signals from glycerophos- 
phocholine, phosphocholine and choline at 3.27 - 3.23 
ppm. Lipids and other hydrophobic compounds were 
selectively extracted using methanol/chloroform. The 
proton spectrum of the lipid extracts of ham after gastric 
digestion for zero minutes (G0) shows a detailed profile 
for lipids (Figure 2(b)). Signals from triacyglyceride, 
cholesterol, fatty acids from saturated, mono-unsaturated 
and poly-unsaturated lipids were found and assigned us- 
ing published reference spectra (Table 3). 

To observe alterations in the nutrients during digestion, 
these annotated spectra were then plotted over the diges- 
tion phases, to evaluate the effect of gastric and duodenal 
digestion on soluble metabolites (Figure 3). Lactate is  

Table 2. The assignment of 1H NMR spectrum of metabo- 
lites. 

Assignment ppm Ref. 

Sucrose 3.83, 3.68 [26] 

Glycerophosphocholine 3.23 [22] 

Phosphocholine 3.22 [22] 

Choline 3.21 [22] 

Creatine 3.03 [22] 

Carnosine 2.68 [22] 

Acetate 1.91 [24] 

Alanine 1.48 [22] 

Lactate 1.27 [22] 

Lipids 0.89 [36] 

MM 0.93 [36] 

 
Table 3. The assignment of 1H NMR spectrum of lipids. 

Assignment ppm Ref.

-CH3 0.86 [18]

-CH2CH2CH2- 1.24 [18]

-CH2CH2CO 1.59 [18]

-CH2CH2CH= 2.00 [18]

-CH2CH2CO 2.28 [18]

=CHCH2CH= 2.75 [18]

-N(CH3)3 3.31 [18]

-CH=CH- 5.33 [18]

Cholesterol 1.00, 0.66 [23]

Triacylglyceride 4.28 - 4.13 [23]

 
present in pork muscle and has been used to monitor the 
quality of pork [27]. Due to its stability under the action 
of digestive enzymes, lactate was chosen for normalisa- 
tion in the quantitative analysis of nutrient levels. Signals 
from lipid and MM increased dramatically in the gastric 
digestion while the metabolites remained stable. During 
duodenal digestion, the lipid and MM signal increase 
from 0 to 60 min although no further increase was ob- 
served after 120 min digestion. PCA analysis (Figure 4) 
identified the biggest variance (principle component 1 
and 2, PC 1 and 2) lies in the digestive process and the 
independent preparations. Each spot represents a score 
assigned to the spectrum acquired from one digesta sam- 
ple; three independent repeats (1st, 2nd and 3rd) were pre- 
pared for each sample. Relative quantification of specific 
signals from detected metabolites in digestion was plot- 
ted in Figure 5. The signals from MM increased through- 
out the digestion time course, especially during the duo- 
denal phase. 

Structural changes in ham resulting from in vitro gas- 
tric gastric digestion are shown in the microscopic im- 
ages in Figure 6. There are more lipid droplets visible 
after gastric digestion which is consistent with the NMR 
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Figure 1. Soluble and insoluble proteins of ham following in vitro gastric (a) and subsequent in vitro duodenal (b) digestion. 
Proteins were analysed by SDS-PAGE and stained for protein with SimplyBlueTM. The positions where digestive enzymes 
run on the gels are indicated by numbers assigned as follows: 1. pepsin, 2. amylase, 3. lipase, 4. chymotrypsin, 5. trypsin. 
Bands with increasing intensity were pointed by red arrows and bands with decreasing intensity were pointed by green ar- 
rows. 
 
spectral data. 

4. Discussion 

Protein digestion starts in the stomach with pepsin and 
continues in the duodenum with trypsin and chymotryp- 
sin [28]. Gastric acid plays a key role in the digestion of 
protein by activating pepsin and denaturing the protein 
which can then become readily accessible by digestive 
proteases [29]. The changes in patterns of polypeptides 
observed by SDS-PAGE (Figure 1) shows the release of 
polypeptides and their subsequent degradation, such as 
the Mr 135 kDa polypeptide which increased in intensity 
in sample GU and then decreased through the digestive 
process. The lack of higher Mr polypeptides in the inso- 
luble fraction of protein from the ham and the accumula- 

tion of lower Mr polypeptides indicated that most of the 
ham protein was digested after 120 min simulated gastric 
digestion. The remaining lower Mr polypeptides (~10 
kDa) were further digested in the simulated duodenal 
digestion such that little proteinaceous material re-
mained. 

A range of nutrients including carbohydrates, peptides 
and lipids were identified by 1H NMR (Figure 2). One of 
these, carnosine is a dipeptide of the amino acids alanine 
and histidine and it is highly concentrated in muscle. 
Carnosine has been proposed as an anti-aging nutrient for 
human [30] and biomarkers for meat intake [31]. Choline 
must be consumed in the diet to maintain health [32]. 
Creatine is a non-essential nutrient, but it can help to pre- 
serve the muscle strength [33]. The bio accessibility  
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Figure 2. 1H NMR spectra of metabolites (a) and lipid extracts (b) of ham after in vitro gastric digestion (0 min; G0) digesta to 
show the NMR detectable nutritional components in ham at the start of digestion. 
 
of these important nutrients in digesta can therefore be 
used to measure the quality of ham and the efficiency of 
digestion. Others have previously studies its release from 
cooked meats and shown an apparent increase in abun- 
dance following simulated digestion. As the di-peptide is 
synthesised intracellularly from β-alanine and histidine 
by canosine synthase, it seems unlikely this arises from 
the action of digestive proteases [34]. 

Detection of molecules by NMR depends largely on 
molecular mobility due to their transverse relaxation rate 
[35]. The molecule has to be small and mobile enough to 
give an observable NMR signal and lower molecular 
weight molecules generally giving sharper signals. The 

increase in intensity of lipid and MM signals in the di- 
gesta (Figure 3) indicate that the abundance of NMR- 
detectable lipids and protein-derived material increases 
during digestion. PCA analysis shows that the spectra 
can be grouped via digestion process and the different 
preparation type. PC scores plots (Figure 4) indicate that 
PC1 (84.47% total variance explained) is focusing on the 
reproducibility of digestion between samples, whilst PC2 
(5.68% total variance explained) is able to capture the 
overall changes in the food molecular profile upon diges- 
tion. The inspection of these plots highlights the fact that 
the first sample underwent a slight different digestion 
process compared to the other two samples. 
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Figure 3. 1H NMR spectra of metabolites from ham following (a) model chew and in vitro gastric digestion, and subsequent in 
vitro, duodenal digestion of gastric time points at 0 min (b; G0) and 60 min (c; G60). Data show the breakdown of the ham 
over the digestion time course. 
 

 

Figure 4. PCA score plots of 1H NMR metabolite profiles of ham following (A) model chew and in vitro gastric and subse- 
quent in vitro duodenal digestion of gastric time points at 0 min (B; G0) and 60 min (C; G60). 
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Figure 5. NMR signal intensity showing the relative quantification of specific nutrients during the digestive process. (A) Mod- 
el chew and in vitro gastric digestion; subsequent in vitro duodenal digestion of gastric time points at 0 min (B; G0) and 60 
min (C; G60). 
 

 

Figure 6. Images of the insoluble material from the ham samples after 0 (G0) and 120 min (G120) in vitro gastric digestion 
show structural changes taking place in the ham. The scale bar represents 10 μm. The magnification time is 100×. 
 

Quantification analysis with signal integration makes 
it possible to compare digestion rates for different nu- 
trients in different stages of digestion (Figure 5). Release 
of soluble polypeptides (MM) which are released from 
the ham is closely related to the protein digestion. It pro- 
gressively increases during the gastric and subsequent 
duodenal phases of digestion and is consistent with 
changes in protein digestion observed by SDS-PAGE. 
The release pattern of total choline is similar to that of 
the lipids yet less dramatic, indicating that lipids might 
be the main source of detected choline. The level of su- 
crose remained stable with a slight decrease which indi- 

cates that the carbohydrates are easily accessible at the 
beginning of the digestion. 

5. Conclusion 

CHANCE ham is a good source of dietary protein with a 
good digestibility. The combined approach of in vitro 
digestion and nutrimetabolomics study is a valid model 
to assess the molecular profile and bio-accessibility of all 
detectable nutrients in a human digestive system after the 
consumption of specific food. This model can be further 
utilized in food intervention studies to optimize diets that 
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would be beneficial to human health. 
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