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Abstract

Protein maldigestion and malabsorption lead to malnutrition and are a feature of exocrine pancreatic insufficiency (EPI). Although it
is the current standard, measurement of nitrogen in stool to assess protease activity is indirect. Up to 80% of hydrolysed proteins ap-
pear in blood in the form of peptides, so we developed a method to measure peptide-derived amino acids in plasma as a relevant
measure of proteolysis, verified its accuracy, precision, and linearity, and validated it in a porcine model. We modified a ninhydrin
method. Large proteins were eliminated from plasma with 10kDa-cut-off centrifugal filters. Free and total amino acids were mea-
sured in permeate before and after its hydrolysis. Peptide-derived amino acids were quantified by subtracting free amino acids from
total amino acids. We verified the method in vitro and by comparing results in healthy and EPI pigs. The accuracy of the analysis was
close to 100%, with excellent precision (mean relative standard deviation for low, medium, and high amino acid levels =0.88%) and
with stringent linearity (r?=0.986, %RE =5.23). The high-throughput ninhydrin method detected levels of peptide-derived amino
acids in vivo with maximal changes seen approximately 2 hours postprandially in young pigs. The AUC and Cmax were significantly
higher in healthy compared to EPI pigs (P=.0026 and P =.0037, respectively). The high-throughput ninhydrin method is a sensitive,
reliable, and practical method for the estimation of dietary peptide-derived amino acids. This assay endpoint could serve as a direct
biomarker of protein digestion and absorption.
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fat absorption, enterocytes in particular modify the absorbable fat
components: glycerol, free fatty acids, and monoglycerides, to fat
molecules and transport them via the lymph [1].

The digestion of dietary proteins begins in the acidic pH condi-
tions of the stomach through the action of pepsin. In the small
intestine, pancreatic proteases further convert protein into free
amino acids and peptides containing different numbers of amino
acids. It has been suggested that the majority of dietary protein is

Introduction

The digestion and absorption of dietary fats, proteins, and carbohy-
drates is a complex, multi-step process that involves the enzymatic
breakdown of complex macronutrients to their smaller, absorbable
digestion products. Fats are broken down to fatty acids and glycerol,
proteins to peptides and amino acids, and starches to disaccharides
and eventually monosaccharides such as glucose. The digestion of

macronutrients is driven by enzymes secreted from the salivary
glands, stomach, pancreas, and brush-border intestinal glands.
Almost all absorption of macronutrient digestion products takes
place through enterocytes that line the small intestine. With the
aid of brush-border transporters, macronutrient digestion products
traverse the enterocytes to reach the blood or lymph. In the case of

absorbed in the form of peptides [2, 3]. It is important to note
that in terms of protein metabolism, only di- and tripeptides
should be considered as absorbable, since peptides containing a
higher number of amino acids can exhibit biological activity, e.g.,
neuropeptides, CCK4 activity [4]. This phenomenon has been in-
directly confirmed by the transport capacity of PepT1, which
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mediates the uptake of di- and tripeptides from the intestinal lu-
men, but not that of peptides with more than three amino acid
residues [5].

Single amino acids are products of the action of exopepti-
dases, and peptides are first generated in the gut lumen as a di-
rect result of the action of endopeptidases and the compensatory
plastein reaction, where pepsin and trypsin play a main role [6].
It is suspected that enterocytes are able to synthesize di- and tri-
peptides from amino acids absorbed from the intestine and thus
ensure the secondary generation of absorbable peptides [7]. At
the same time, liver could be able to produce the third generation
of peptides appearing in the blood postprandially [8].

Protein maldigestion and malabsorption occur when pancre-
atic proteases are not secreted or are secreted in an insufficient
amount into the duodenum [9, 10]. Protein and fat malabsorption
are conventionally treated with exogenous pancreatic enzyme
replacement therapy (PERT) [11]. Calculation of the coefficient of
fat absorption, a ratio of ingested to excreted fat, has been used
to determine the success/performance of PERT, because of the
emphasis on lipase activity and resulting control of steatorrhea
[12]. The coefficient of nitrogen absorption (CNA) is determined
using a similar concept (protein in: protein out), although CNA is
not a true measure of pancreatic protease activity. In addition to
the onerous requirements for stool collection, the measurement
of faecal nitrogen losses also includes endogenous secreted pro-
teins and dietary protein digested by colonic bacteria. The
Kjeldahl method, which is generally used to assess the presence
of nitrogen in organic matter, was developed in the 1880s and is
still cited by most authors who report on CNA results [13].
Alternatively, the Dumas combustion method is used by one ma-
jor commercial laboratory in the United States [14].

There is therefore a need for a sensitive, practical, and rapid
method that can directly measure relevant biomarkers of protein
digestion followed by absorption after a meal, rather than mea-
suring excretion in the stool. We therefore explored the measure-
ment of peptide-derived amino acids, as well as free amino acids
in the blood following an oral whey protein challenge, as a
pharmacokinetic-like test that could be used in both research
and clinical settings. Ninhydrin reactions are widely used to ana-
lyse and characterize amino acids, peptides, and proteins in bio-
medical, clinical, and nutritional studies [15]. This colorimetric
method is based on the number of amine groups for a given num-
ber of amino acids. We adapted this method to allow for high
throughput, by excluding plasma proteins using filters, and si-
multaneously analysing aliquots of unhydrolysed and hydro-
lysed permeate to allow for the estimation of peptide-derived
amino acids, which was our primary endpoint. We hypothesize
that our modified, high-throughput, ninhydrin method could be
used as a direct measure of protein digestion and absorption.

Objective and aims of the study

The objective of this study was to describe the rapid measure-
ment of biomarkers of protein digestion and absorption in the
plasma, using a modified, high-throughput, ninhydrin method.
We aimed to confirm the accuracy, precision, and linearity of the
analysis in vitro. We also aimed to verify the results in vivo by ap-
plying the method in healthy and exocrine pancreatic insuffi-
cient (EPI) pigs.

Materials and methods
Ninhydrin method and its adaptation

The detailed protocol of the adapted ninhydrin method, as well
as a list of the materials used, is provided in Supplementary
File 1.

Briefly, the current assay was developed based on the concept
that two molecules of ninhydrin (2,2-dihydroxyindane-1,3-dione)
react with a free alpha-amino acid to produce a deep purple or
blue colour, known as Ruhemann’s purple, which can be mea-
sured spectrophotometrically at a wavelength of 570nm [16]. In
this reaction, ninhydrin acts as an oxidizing agent and causes the
deamination and decarboxylation of amino acids at an elevated
temperature. By the end of the reaction, a diketohydrin complex
is formed, which has a deep purple colour. Exposure to acetate
buffer for 1h at 100°C releases the amino acids from peptides,
thus enabling measurement of all the nitrogen.

We adapted this method in two ways. We adapted the sample
processing such that a microplate reader can be used, allowing
for high throughput. Furthermore, centrifugal filters with a cut-
off of 10kDa were employed for mechanical deproteinization of
the plasma to separate free amino acids and peptides from
plasma proteins such as albumin and fibrinogen.

The intact (unhydrolysed) permeate was used to estimate the
levels of free amino acids. The hydrolysed permeate (see
Supplementary data) was used to estimate total amino acids.
Peptide-derived amino acids, our primary endpoint, were quanti-
fied by subtraction as follows:

Peptide-derived amino acids = Total amino acids — Free
amino acids

Determination of accuracy, precision, and
linearity of the modified ninhydrin method

Accuracy was determined based on the percentage recovery of
amino acids from the high, medium, and low amino acid concen-
tration samples. All samples were run in quadruplicate.
Percentage (%) recovery at each level was determined according
to the equation below.

Measured conc. of amino acids
% Recovery = - f - — X100
Theoretical conc. of amino acids

Accepted percentage recovery should be between 90 and 110%
to demonstrate accuracy of the method.

Precision is here expressed as percentage Relative Standard
Deviation (RSD). The target RSD should be < 5%. Precision under
the same operating conditions over a short interval of time is the
intra-assay repeatability. To study the intra-assay repeatability,
we used the data obtained for three samples with high, medium,
and low concentrations of amino acids. Three concentrations
with four replicates at each level were assessed. Intermediate
precision expresses within-laboratory variations: different days,
different analysts, different equipment, etc. To assess intermedi-
ate precision, samples with high, medium, and low concentra-
tions of amino acids were re-analysed in quadruplicate on three
different days, by two analysts.

To assess linearity, six standards of the amino acid mixture
and a blank were used to construct a standard curve. The stan-
dard curve was then plotted as the amino acid concentration
(ng/ml) of the standard vs. the obtained value of the experimental
samples. The coefficient of determination (r?) and average
relative errors of back-calculated concentrations (%RE) were
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calculated. The target r* values for each of the standard curves
should be > 0.98, and the suggested limits for %RE deviation are
between 15 and 20% [17, 18].

In vivo verification of the modified

ninhydrin method

Animals

This study was conducted strictly in accordance with the recom-
mendations of the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Every effort was made to
minimize animal suffering. The study received approval from the
Second Local Ethical Committee for Animal Experiments in
Warsaw (approval number WAW?2/025/2022). The experiment
was conducted on sixteen healthy pigs (Sus scrofa domesticus)
((Polish Spruce x Yorkshire) x Hampshire breed) of both sexes,
whose body weight at the beginning of the study was 15+2.3kg.
Six of the sixteen pigs underwent pancreatic duct ligation surgery
to induce exocrine pancreatic insufficiency (EPI).

Surgical procedures

EPI was induced by pancreatic duct ligation as previously de-
scribed [19]. Development of EPI was confirmed 4 weeks after
surgery by external symptoms of maldigestion and malabsorp-
tion, manifested by growth arrest and the development of steat-
orrhea. Jugular vein catheters were inserted as previously
described [20, 21] to allow for blood sampling (one week after ar-
rival to the animal facility and then 3 weeks after EPI induction).

Feeding and experimental design

Upon arrival, pigs were fed a cereal-based, pelleted, standard
low-fat diet (LFD) (18.0% (w/w) crude protein, 62.5% (w/w) carbo-
hydrates, 5% (w/w) crude fat, and 7.2% (w/w) ash, 7.3% water)
and were gradually (days 9 and 10—25%HFD + 75%LFD; day 11—
S0%HFD + 50%LFD, dayl12—75%HFD + 25%HFD; day 13-
100%HFD; Fig. 1) changed to a high-fat diet (HFD), (17.5% (w/w)
crude protein, 51.0% (w/w) carbohydrates, 20% (w/w) crude fat,
and 5.2% (w/w) ash, 6.3% water). Both the LFD and HFD were sup-
plemented with 5,000 IE/kg vitamin A, 500 IE/kg vitamin D, and
85mg/kg vitamin E (Kcynia, Morawski Plant, Poland). The HFD
was provided in an amount equivalent to 4% of the pigs’ body
weight daily, with 1% (160g) given at the morning meal (09:00-
10:00 hr) and 3% (480 g) at the afternoon meal (17:00-18:00).

On experimental days I and II, a substrate absorption chal-
lenge test (SACT) was performed in both healthy and EPI pigs.
After an overnight fast, at 09:00 am, each pig received a meal
consisting of 100 g of HFD enriched with 4 g docosahexaenoic and
eicosapentaenoic acid triglycerides (Kinoko Life, Spain), 10 g milk
whey protein, and 32 g potato starch.

The study design is presented in Fig. 1.
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Blood sampling

Blood samples were collected via the jugular vein catheter one
hour prior to SACT morning feeding and then at 60, 120, 180, and
240minutes after feeding, and were transferred to BD
Vacutainer® glass Aprotinin K,EDTA tubes (BD Diagnostics, New
Jersey, USA). The blood samples were immediately placed on ice
before they were centrifuged at 3000 x g for 15minutes at 4°C,
and plasma was separated and stored at —80°C until further
analysis. The content of free, total, and peptide-derived amino
acids in the plasma samples was analysed using the above-
described method.

Statistical analysis

Statistical analysis was performed on the data generated from
this study using the Student’s t-test with Welch correction for
normally distributed data sets or Mann-Whitney test when data
were not normally distributed. The data distribution was
assessed using the Shapiro-Wilk normality test. Outliers within
data sets were identified using the ROUT method of regression,
using (Q=0.05%). Baseline-adjusted area under the curve (AUC)
values were calculated, and the total peak area values were com-
pared. All the analyses were carried out using GraphPad Prism
10.0 (San Diego, CA, USA). Data were not corrected for multiple
comparisons. Differences were considered significant if P <.05;
differences were considered as a trend when P<.1; data with
Gaussian distribution are expressed as mean + standard devia-
tion (+ SD); data with non-Gaussian distribution are expressed as
median + interquartile range (+ IQR).

Results

In vitro validation of the high-throughput
ninhydrin method

Accuracy

We obtained the following percentage recovery from the accu-
racy analysis: 109%, 94%, and 101% for the low, medium, and
high amino acid concentration samples, respectively (Table 1).

Precision
Repeatability (intra-assay precision) is a measure of precision un-
der the same conditions over a short interval of time.
Repeatability measurements, reflecting within-laboratory varia-
tions for amino acid solutions, were 0.74%, 0.77%, and 1.14% for
the low, medium, and high amino acid concentration levels, re-
spectively. The average repeatability, reported as the average of
the RSDs for the three amino acid levels, was 0.88% (Table 1).
Intermediate precision measurements, reflecting measure-
ment on different days by different analysts, were 3.30, 0.99 and
0.37%, for the low, medium, and high amino acid concentration
levels, respectively. The average RSD was 1.55% (Table 2).

EPI
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Figure 1. Study design. EPI—exocrine pancreatic insufficiency, HFD—high-fat diet, JvC—jugular vein catheter insertion, PDL—pancreatic duct ligation
surgery, SACT—substrate absorption challenge test. Healthy—intact pigs, n =16, EPI—pigs with confirmed exocrine pancreatic insufficiency, n=6.
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Table 1. Accuracy and precision.

Sample/peptides level Theoretical Measured Recovery (%) Intra-assay Average%

concentration concentration (Accuracy) RSD (%) RSD
(ng/ml) (ug/ml) (Repeatability)

Amino acids solution samples

Low 30 32.68 109 0.74 0.88

Medium 60 56.36 94 0.77

High 105 106.36 101 1.14

RSD—Relative standard deviation. All samples were run in quadruplicate.

Table 2. Intermediate precision: mean concentration measured on different days by two analysts.

Amino acid content level Mean concentration Intermediate %RSD Average %RSD

Day 1 Day 2 Day 3

Low (30 pg/ml) 31.68 27.61 33.18 3.30 1.55

Medium (60 ug/ml) 67.27 59.29 57.89 0.99

High (105 pg/ml) 105.32 102.69 106.34 0.37

RSD—Relative standard deviation. All samples were run in quadruplicate.

Table 3. Coefficient of determination (r?) and average relative

errors of back-calculated concentrations (%RE) for standard
curves on different days.

Day 1 Day 2 Day 3 Mean r?
r? 0.987 0.992 0.979 0.986
%RE 7.49 4.44 3.76 5.23

%RE—Relative error of back-calculated concentrations. All samples were run
in quadruplicate.

Linearity

Linearity, which is an important performance characteristic of
any analytical method, was assessed using the coefficient of de-
termination r? and relative errors of back-calculated concentra-
tions (%RE), for three independent measurements. The average
value of 1’ was 0.986 and the average % RE value was 5.23 from 3
days (Table 3).

In vivo verification of the modified ninhydrin
method in healthy and exocrine pancreatic
insufficient pigs

Free amino acids

Results on the levels of free amino acids in porcine plasma are
provided in Fig. 2 A-C. The levels in healthy and EPI pigs were
similar, ranging between 100 and 200 pg/ml. In both groups, the
levels of free amino acids were stable, without strong postpran-
dial fluctuations, even despite the observed significant difference
in Cmax (Fig. 2 C).

Total amino acids

Results for the levels of total amino acids (peptide derived + free
amino acids) from porcine plasma are presented in Fig. 3 A-C.
The initial fasted levels of total amino acids in both healthy and
EPI pigs were similar, but the postprandial increase in total
amino acids differed (Fig. 3 A). Healthy pigs had significantly
higher levels of total amino acids for up to 3 hours after the meal,
with Tmax at 120 min after feeding. Both the AUC and Cp,ax val-
ues were significantly higher in the healthy pigs compared to the
EPI pigs (Fig. 3 B and C).

Peptide-derived amino acids

Results for the estimation of peptide-derived amino acids from
porcine plasma are shown in Fig. 4 A-C. The initial fasted
amounts of peptide-derived amino acids in both healthy and EPI
pigs were similar, but the postprandial increase observed differed
between the two groups (Fig. 4 A). Healthy pigs had significantly
higher levels of peptide-derived amino acids for up to 3 hours af-
ter the meal, with Tmax at 120min after feeding. Both the AUC
and Cpax values were significantly higher in the healthy pigs
compared to the EPI pigs (Fig. 4 B and C).

Discussion

We studied the evaluation of peptide-derived amino acids in
plasma in vitro and in vivo following ingestion of a standardized
whey substrate as a new endpoint to measure pancreatic prote-
ase activity. Biologically active peptides, both synthesized in vivo
and of dietary origin, can induce numerous physiological effects
(2, 3, 8, 22, 23]. The absorption of dietary di-, tripeptides, and
even oligopeptides has been proven in several previous studies
(3, 24, 25]. The absorbed nutritional peptides may play a key role
in growth and even affect overall metabolism. Thus, a method to
calculate their absorption after a meal may be a more clinically
relevant measure of proteolysis than measuring excreted (unab-
sorbed) nitrogen. Recently, it was clearly shown that oligopepti-
des relating to hydrophobic, aromatic, and acidic amino acids are
readily absorbed through the intestinal epithelium and preserve
their bioactivity [25]. However, both the mechanisms of oligopep-
tides absorption and the question concerning the preservation of
their biological activity after entering the circulation remain
unclear. Thus, the current study focused on the measurement of
nutritional (because of their absorbed amounts) di- and tripepti-
des which is far better proven and described in the literature.
Having developed new methodology, we wanted to ensure
that it was accurate and precise and that the results were linear.
A test method is said to be accurate when the test value
approaches the absolute 'true' value of the substance being mea-
sured and is said to be precise when repeated analyses on the
same sample give similar results. When a test method is precise,
the amount of random variation is small. Our in vitro tests of
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Figure 2. Levels of free amino acids in porcine plasma. A - Postprandial changes in free amino acid plasma levels over time; B - Area under the Curve
values (AUC) for free amino acids; C - Maximal reached values (Cmax) for free amino acids. Healthy—intact pigs, n = 16, EPI—pigs with confirmed
exocrine pancreatic insufficiency, n=6. Data on AUC are presented with a line indicating the mean. AUCs and Cpyax data are presented as mean+SD,
and data on amino acid levels at separate timepoints are given as mean+SD. Differences were considered significant if P < .05; differences were
considered as a trend when P<0.1. P-values are given with the results bars.

A B Cc

Total Amino Acids Area Under the Curve (AUC) value
Maximal reached values (Cmax)

[=
= E 4_
E 500 £ 5407 00000 _ 500-
2 - Healthy E ax104 £ 0.0007
" E ]
£ 400 -+ EPI o 2 400-
(1) - -
® 8 3x10% 8
2 300 o 0 S 300-
z 8 10t &
2 200 9 210 2 200- T
8 100 E 1x10- ; 100
k) w5 100
2 5, == g
£ 0 T T T T 1 |2 B Health EPI . 0-
< 60 120 180 240 = ealthy Healthy EPI

Time, minutes

Figure 3. Levels of total amino acids in porcine plasma. A - Postprandial changes in total amino acid plasma levels over time; B - Area under the Curve
values (AUC) for total amino acids; C - Maximal reached values (Cmax) for total amino acids. Healthy—intact pigs, n = 16, EPI—pigs with confirmed
exocrine pancreatic insufficiency, n=6. Data on AUC are presented with a line indicating the mean, Cp,ax, and data on amino acid levels at separate
timepoints are given as mean=SD. Differences were considered significant if P <.05; differences were considered as a trend when P <.1. P-values are
given with the results bars.

A B C
Area Under the Curve (AUC) value

] . . . £ Maximal reached values (Cmax)
Peptide-derived Amino Acids E =
E D 500
S 3x104-  0.0026 = 300
— e )
E & 2 400-
E 200 ] 5
;150 - Hedithy g 2x10* 2 3004  0.0037
Rl - — %
3 = EPI 2 E
£ 1001 E g 200-
= 5 1x10% s
g s0q g 3 100
2 °
g 5 = ! o
%} ‘ ko] T
© 0 T T 1 - 0- = 0-
2 T 6 120 180 240 e Healthy EPI o Healthy EPI
- -
g -50- Time, minutes 2
< o

Figure 4. Levels of peptide-derived amino acids in porcine plasma. A - Postprandial changes in peptide-derived amino acids plasma levels over time; B -
Area under the Curve values (AUC) for peptide-derived amino acids; C - Maximal reached values (Cmax) for peptide-derived amino acids. Healthy—
intact pigs, n =16, EPI—pigs with confirmed exocrine pancreatic insufficiency, n=6. Data on AUC are presented with a line indicating the mean, Cpax,
and data on amino acid levels at separate timepoints are given as mean = SD. Differences were considered significant if P < .05; differences were
considered as a trend when P <.1. P-values are given with the results bars.
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these parameters indicate that the whey protein SACT is a reli-
able and repeatable measurement.

Our data confirm that levels of free amino acids in the blood
of healthy and EPI pigs does not reflect feeding, while levels of to-
tal amino acids and peptide-derived amino acids change post-
prandially. This is consistent with findings in humans in which
free plasma amino acid levels after an intact protein meal do not
parallel the relative amino acid composition of the ingested food
[26, 27]. Our data support the contention that the measurement
of free amino acids would not be an appropriate measure of post-
prandial protease activity.

The high-throughput ninhydrin method we developed shows
clear differences between protein absorption in healthy com-
pared to EPI pigs. Maximal changes were seen approximately
2hours after a meal, and the AUC and Cpax Were significantly
higher in healthy pigs compared to EPI pigs, suggesting that
peptide-derived amino acids reflect the activity of pancreatic
protease. A method to determine the most efficacious dose of
protease could be helpful clinically. Current commercially avail-
able PERTs for treatment of EPI are porcine extracts and contain
a higher proportion of protease per unit of lipase than is seen in
humans [28]. In pigs, the proportion of protease to lipase is 3:1, in
contrast to that seen in humans, which is approximately 0.2-1
[29, 30]. The availability of a test of protease activity could be
valuable in the rational development of new PERTS.

The current study has limitations. The assessment of the
plasma concentration of amino acids was performed taking into
consideration only the Ruhemann’s purple measurement
(570nm), as the porcine samples demonstrated negligible absor-
bance at 440nm which could be explained by the standardized
pig diet. However, for human samples, a wavelength of 520nm,
which is common for both aminoacids and iminoacids, is recom-
mended [31]. Thus, generalization of this method to humans
would need to be verified before accepting it as a new research or
clinical endpoint, which is our ultimate goal. Likewise, although
portal vein catheters would provide a more direct assessment of
absorption, we used jugular catheters because only systemic
blood could be used in humans outside of highly limited research
settings. The absorption of proteins by pigs varies based on age
and diet, although both experimental and control pigs were of
the same age and were fed the same diet [32]. Additionally, some
peptides can be resistant to the hydrolysis used in this method,
and that will lower the number of amine groups recognized by
the Ruhemann’s purple reaction. Catabolic disease processes can
lead to additional plasma amine groups derived from muscle
wasting rather than dietary protein. Thus, it is possible that our
measurements might have been affected by the malnourished
state caused by the development of EPI. Whether this might af-
fect the validity of the whey protein SACT, as a measure of prote-
ase activity, could be verified by studying this method when EPI
pigs are given exogenous protease to treat protein maldigestion.

However, despite all the above-mentioned limitations, we
have demonstrated that the modified, high-throughput ninhy-
drin method described in the current study is a sensitive, reliable,
and practical method for the measurement of post prandial
changes in dietary peptide-derived amino acids levels. Other
methods (e.g. LC- MS/MS) [33], which are conventionally used,
also make use of the same principle as we did using the
ninhydrin method when processing the blood samples (sample
deproteinization and hydrolysis). However, the chemical depro-
teinization was shown to affect the assay outcomes [34], so the
choice of agent and protocols can lead to reproducibility
issues. Measurement of labelled amino acids after ingestion has

contributed insights to the field but is not relevant to under-
standing the role of protease on a mixed meal.

This novel endpoint, the determination of postprandial
changes in peptide-derived amino acids using a modified ninhy-
drin high-throughput method, could serve as a direct, quick, and
economical biomarker of protein digestion and absorption. If ver-
ified in humans, it has the potential to be a useful tool in drug de-
velopment and clinical care.
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