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Abstract: Bioactive phenolic compounds in their natural form show beneficial effects on the gas-
trointestinal system. The kinetics of their release are important for understanding those effects. The
aim was to study the kinetics of the release of phenolic compounds from apples during in vitro
simulated gastrointestinal digestion by using modified equations of first- and second-order kinetics.
35% and 67% of total phenolic compounds were released in the gastric phase, and 26% and 27% in
the intestinal phase (peel and flesh, respectively). Intensive release of anthocyanins, flavan-3-ols,
dihydrochalcones, phenolic acids, and flavonols occurred in the first 10 min of gastric digestion. In
intestinal digestion, flavan-3-ols and anthocyanins were not identified; the dihydrochalcone amount
decreased, while phenolic acids and flavonols showed stability. Concentrations at the endpoint of
the release (ce) were determined with kinetic equations fitted well to the experimental data (cexp)
(r? = 0.9973 and 0.9946 for first- and second-order). The half-life for released phenolic subgroups
in gastric digestion was up to 3.5 (first-order kinetics) or 2.5 min (second-order), or in intestinal
digestion up to 20.9 (first-order) or 32.3 min (second-order). Modified equations reported here for the
first time fit well with the experimental data.

Keywords: first-order kinetics; second-order kinetics; polyphenols; gastric digestion; intestinal
digestion

1. Introduction

Phenolic compounds are introduced into the body by consuming plant food. In the
digestive tract, they are released from the food matrix in their natural chemical form [1-5].
They can also degrade due to the environment of the digestive system, with the low pH
in the stomach and a higher pH in the small intestine. Those that are absorbed undergo
biotransformation, which creates many different metabolites that are finally found in the
bloodstream [6,7] or excreted with urine [6,7]. Studies conducted on humans identified
many such phenolic compound metabolites in plasma and urine after the consumption of
plant food, fruit juices, or tea [8-11]. Natural phenolic compounds that are not absorbed in
the small intestine can reach the colon, where they can be transformed by the gut microbiota
into different catabolites. Many catabolites are identified in human urine and plasma [9,10].
Catabolites that are not absorbed in the colon are eliminated from the body with feces [6,7].

Although phenolic compounds are intensively metabolized and catabolized, they still
appear in the digestive system in their natural form, in which they are present in fruit.
Moreover, their concentrations in natural forms are relatively high. For this reason, the
potential beneficial actions of native phenolic compounds in the digestive system are being
intensively studied. Studies have been investigating the effects of phenolic compounds in
the mouth and on the teeth [12,13], in the stomach [14,15], or in the small intestine [16,17].
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Many similar effects are described in the review paper [18]. Natural phenolic compounds
have the potential to inhibit harmful lipid peroxidation in the stomach, to help in the
healing of gastric ulcers, or to inhibit Helicobacter pylori infection [18]. In the small intestine,
phenolic compounds showed the potential to maintain the proper intestinal barrier function
or to help regulate postprandial glucose levels [18]. The fate of phenolic compounds and
the rate of their release might help in understanding those beneficial effects.

Up until now, the fate of phenolic compounds in the digestive tract is still not com-
pletely known. Degradation products are not completely identified, and the effects of
other food components on the release of phenolic compounds are not completely known.
Furthermore, the digestive process is a process in which the release of compounds from the
food matrix happens in time. The rate at which the phenolic compounds are released is not
well known. The release of phenolic compounds in the digestive tract can be studied with
chemical kinetics.

The aim of this paper was to study the simulated in vitro gastrointestinal digestion of
apples in different time periods and to model the results of this process (concentrations of
released phenolic compounds vs. time) with non-linear regression, using equations of first-
and second-order kinetics. Those equations were modified to fit the release of phenolic
compounds in gastric and intestinal digestion. The modification of these equations is
developed and applied here.

2. Materials and Methods
2.1. Chemicals

Chemicals were purchased from several companies: Gram mol (Zagreb, Croatia)
(potassium chloride, potassium dihydrogen phosphate, sodium hydrogen carbonate, cal-
cium chloride, and magnesium chloride), Kemika (Zagreb, Croatia) (ammonium carbonate),
Carlo Erba Reagents (Val de Reuil, France) (sodium chloride), Fluka (Buchs, Switzerland)
(orto-phosphoric acid, 85% HPLC-grade), J.T. Baker (Gliwice, Poland) (methanol HPLC
grade), Sigma—-Aldrich (St. Louis, MO, USA) (x-amylase (A3176, 13 U/mg), pepsin (P7000,
632 U/mg), pancreatin (P7545, 8 USP), and bile salt (B 8756, microbiology grade). Phenolic
compound standards were purchased from Sigma-Aldrich (St. Louis, MO, USA) (quercetin
dihydrate, quercetin-3-glucoside, (+)-catechin hydrate, (—)-epicatechin, chlorogenic acid)
and Extrasynthese (Genay, France) (quercetin-3-galactoside, quercetin-3-rhamnoside, pro-
cyanidin B2, phloretin, phloretin-2’-O-glucoside, and cyanidin-3-galactoside chloride).

2.2. Reagents Preparation

Stock solutions of electrolytes (KCI (0.5 M), KH,PO;4 (0.5 M), NaHCO; (1 M), MgCl,
(0.15 M), (NH4),CO5 (0.5 M), NaCl (2 M), and CaCl, (0.3 M)) were used to prepare sim-
ulated salivary fluid electrolyte solution (SSF), simulated gastric fluid electrolyte solu-
tion (SGF) and simulated intestinal fluid electrolyte solution (SIF) [19]. Each of these
solutions (SSE, SGF, and SIF) was prepared in volumetric flasks of 100 mL by pipet-
ting appropriate volumes of stock solutions of electrolytes and adding distilled water
to make up the final volume of 100 mL. The final concentrations of electrolytes were: SSF
(18.875 mmol L~! KCl, 4.625 mmol L~! KH,PO,, 17 mmol L~! NaHCOj3, 0.056 mmol L1
MgCl,, and 0.06 mmol L~1 (NH4),CO; adjusting pH to 7 with 1 M HCl or 1 M NaOH if
required); SGF (8.625 mmol L~! KCl, 1.125 mmol L' KH,POy, 31.25 mmol L~ NaHCO3,
0.15 mmol L1 MgCl,, 0.625 mmol L~! (NH4),CO3, and 59 mmol L~! NaCl, pH was ad-
justed to 3 with 1 M HCI), SIF (8.5 mmol L~! KCl, 1 mmol L~ KH,POy, 106.25 mmol L~!
NaHCOj3, 0.4125 mmol L1 MgCly), and 48 mmol L1 NaCl, pH was adjusted to 7 with
1M HClL

Enzyme solutions were prepared daily and preincubated at 37 °C before use
(o-amylase 1000 mg L~ in SSF, pepsin 31,660.61 mg L~! in SGF, pancreatin 8000 mg L~!
in SIF). Bile salts were prepared in SIF (25,000 mg L™1).
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2.3. Apple Samples

Apples were purchased in a local supermarket. About 1 kg was peeled, the peel was
pooled together, and homogenized in a coffee grinder. The flesh was cut without the core,
pooled, and homogenized with a stick blender. Homogenized samples of flesh and peel
were stored in plastic bags at —18 °C and analyzed the same week when prepared.

2.4. The Extraction of Phenolic Compounds

Phenolic compounds were first extracted with a solution consisting of methanol and
water. About 0.15 g of apple peel and 1.5 mL of 80% methanol in water were added
to a plastic tube. The solution was homogenized in a vortex (PV-1, Grant Instruments,
Cambridgeshire, UK), put in an ultrasonic bath (Bandelin Sonorex RK 100, Berlin, Germany)
for 15 min, centrifuged (Eppendorf Minispin, Eppendorf, Hamburg, Germany) for 10 min
at 10,000 rpm. The extract was separated from the residue by pipetting. The residue was
extracted one more time using the same procedure and 0.5 mL of 80% methanol. The
two extracts were combined, filtered (0.20 um PTFE syringe filter), and analyzed with
high-performance liquid chromatography (HPLC).

The residue remaining after the extraction was further extracted with an enzyme-
assisted extraction. Distilled water (1.05 mL), bile salt (60 uL), pancreatin (30 pL), and
pepsin (15 uL) were added to the peel residue. The solution was vortexed and incubated in
a dry block thermostat (Bio TDB-100, Biosan, Riga, Latvia) at 37 °C for 2 h with vortexing
every 10 min. The solution was then put in an ice bath (5 °C) for 5 min, centrifuged for
5 min at 10,000 rpm, and again put in an ice bath (5 °C) for 5 min. The extract was then
separated from the residue, filtered (0.20 pum PTFE syringe filter), and analyzed with HPLC.

The amounts after extraction with 80% methanol in water and with additional enzyme-
assisted extractions were added, and the sum represented the initial concentration of
phenolic compounds (the concentration before the digestion).

The flesh of apples was extracted using the same procedure.

2.5. Simulated Digestion

The experiment was conducted according to earlier studies [1,19] with some modifications.

For studying the gastric digestion in time, around 0.15 g of the peel was weighed
into each of the five plastic tubes. The simulated digestion started with the oral phase of
digestion that lasted 30 s in each tube and continued with the gastric phase in different time
periods for each tube (10, 20, 30, 60, and 120 min, respectively). The volumes of reagents
were as described next. For the oral digestion phase, 175 uL of SSF, 48.8 uL of H,O, 1.25 uL
of CaCly, and 25 pL of -amylase were added to the peel, and vortexed for 30 s. The gastric
phase continued by adding 375 uL of SGF, 14.8 puL of H,O, 0.25 pL of CaCly, 10 uL of HCl
(1 M), and 100 pL of pepsin. The solutions were vortexed and put in a dry block thermostat
at 37 °C for the periods described earlier. The vortexing was conducted every 5 min.

For studying intestinal digestion in time, around 0.15 g of the peel was weighed
into each of the five plastic tubes. The simulated digestion started with the oral phase of
digestion (30 s), continued with the gastric phase that lasted 2 h in each tube, and vortexing
was conducted each 5 min, after which the intestinal phase of digestion took place in
different time periods for each tube (10, 20, 30, 60, and 120 min, respectively). The oral
and gastric phases were conducted as already described. The intestinal phase continued
by adding 550 uL of SIF, 180.5 uL of HyO, 2 uL of CaCl, (0.3 M), 7.5 uL. of NaOH (1 M),
250 pL of pancreatin, and 10 pL of bile salt to the solutions after oral and gastric digestion.
Solutions were vortexed and put in a dry block thermostat at 37 °C for different time
periods. The vortexing was conducted every 5 min.

After conducted gastric and intestinal digestion in different time periods, the tubes
were put in an ice bath and then in a freezing vial storage box. After that, the tubes were
centrifuged (10,000 rpm for 5 min). An aliquot was pipetted from each, filtered through a
0.20 pm PTFE syringe filter, and directly injected into the HPLC system.
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The recovery was calculated as follows:

oo ke !
recovery (%) _ Ydigestion phase(mg g ) 100 1)

Ybefore digestion (mg kgil)

where Ygigestion phase 15 the concentration of a phenolic compound after a particular diges-
tion phase (mg kg’1 fresh weight (FW)), Yeefore digestion 1 @ phenolic compound concentra-
tion in fruit before digestion determined with chemical and enzyme-assisted extraction
(mg kg~ FW).

The digestion of apple flesh was conducted according to the same procedure.

2.6. Reversed-Phase High Performance Liquid Chromatography (RP-HPLC)

All the samples after the extraction in 80% methanol in water and enzyme-assisted
extractions and all the samples after simulated digestion were analyzed using RP-HPLC
(HPLC system 1260 Infinity II, a quaternary pump, a PDA detector, and a vial sampler)
(Agilent Technology, Santa Clara, CA, USA). For the characterization of phenolic com-
pounds, a Poroshell 120 EC C-18 column (4.6 mm x 100 mm, 2.7 pym) and a Poroshell
120 EC-C18 4.6 mm guard column were used. Phenolic compounds were separated us-
ing 0.1% H3PO4 (mobile phase A) and 100% methanol (mobile phase B) with a gradient
0 min 5% B, 5 min 25% B, 14 min 34% B, 25 min 37% B, 30 min 40% B, 34 min 49% B,
35 min 50% B, 58 min 51% B, 60 min 55% B, 62 min 80% B, 65 min 80% B, 67 min 5% B, and
72 min 5% B [20]. Flow was 0.5 mL min~!, and each sample was injected in 10 pL. Phenolic
compounds were identified by spiking samples with authentic standards and by comparing
the UV/Vis spectra of standards with the spectra of peaks in apple samples (200 to 600 nm).
Chlorogenic acid isomer, quercetin derivative, and quercetin-3-xyloside were tentatively
identified with the help of literature [21,22] and their UV /Vis spectra. Calibration curves
of (+)-catechin, procyanidin B2, (—)-epicatechin, phloretin-2-glucoside, chlorogenic acid,
quercetin, quercetin-3-galactoside, quercetin-3-glucoside, quercetin-3-rhamnoside, and
cyanidin-3-galactoside were prepared (r> from 0.9978 to 0.9997) and used for the quan-
tification. Chlorogenic acid isomer, quercetin derivative, and quercetin-3-xyloside, which
were tentatively identified, were quantified by using already constructed calibration curves
of chlorogenic acid and quercetin, respectively. The coefficient of variation of phenolic
compounds was 1.57-9.17% (peel) and 4-17.4% (flesh).

2.7. Kinetics

The amounts of phenolic compound subgroups released in time ¢; (mg kg~! fresh
weight FW) vs. time t were modeled with first-order and second-order equations, modified
to fit the data well. Equations and their modification are described in the results and
discussion section.

2.8. Statistical Analysis

The extraction with 80% methanol and enzyme-assisted extraction was repeated in
three parallel measurements and the simulated digestion in two parallel measurements.
Each parallel was analyzed once with HPLC. The results are reported as mean =+ standard
deviation. The post hoc Tukey test was used to analyze the differences between results
(Minitab LLC., State College, PA, USA). The data were analyzed with equations of first
and second order by using non-linear regression in Solver add-in for MS Excel 2016 MSO
(Microsoft Corporation, Redmond, WA, USA).

3. Results and Discussion
3.1. Individual Phenolic Compounds of Peel and Flesh of Apples

Table 1 shows amounts of phenolic compounds from the peel of apples before, during,
and after simulated gastric and intestinal digestion. Chromatograms are shown in Figure S1.
Phenolic compounds identified in apple peel before digestion belong to five subgroups
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usually found in the peel; anthocyanins (cyanidin-3-galactoside), flavan-3-ols ((+)-catechin,
procyanidin B2, (—)-epicatechin), dihydrochalcones (phloretin-2-glucoside), phenolic acids
(chlorogenic acid), and flavonols (galactoside, glucoside, xyloside, and rhamnoside of
quercetin). Earlier studies identified the same main phenolic compounds in the peel in
similar amounts [20,23-26].

Table 2 and Figure S2 show compounds identified and quantified in the flesh of apples
before, during, and after gastric and intestinal digestion. Phenolic compounds in the flesh
belong to flavan-3-ols ((+)-catechin, procyanidin B2, (—)-epicatechin), dihydrochalcones
(phloretin-2-glucoside), phenolic acids (chlorogenic acid and its isomer), and flavonols
(xyloside and rhamnoside of quercetin). The presence and amount of phenolic compounds
agree with earlier studies [20,23-26].

3.2. The Release of Phenolic Compounds in the Gastric Digestion

In the first 10 min of simulated gastric digestion (Tables 1 and 2), individual and
total phenolic compounds were released from the peel and flesh of apples in statistically
significantly lower amounts than the amounts present in natural apples before the digestion
(p < 0.05). Exceptions were the released (+)-catechin, (—)-epicatechin, and total flavan-3-ols
from the flesh. Bouayed et al. (2012) [2] came to a similar conclusion. Amounts of total
phenolic compounds released from apples in the gastric digestion were lower than amounts
before the digestion. Fernandez-Jalao et al. (2020) [27] also reported lower amounts of
flavonols, phenolic acids, flavan-3-ols, and dihydrochalcones after the gastric digestion of
apples in comparison to the amounts in natural apples.

In the further gastric digestion from 10 to 120 min, amounts of individual and total
phenolic compounds were statistically similar to amounts released in the first 10 min
(Tables 1 and 2). Since the amount of phenolic compounds in the gastric digestion did not
decrease in time, it can be suggested that anthocyanins, flavan-3-ols, dihydrochalcones,
phenolic acids, and flavonols were stable in the gastric digestion. Earlier studies reported
similar results. In the study of gastric digestion of apples with the use of static and dynamic
simulated gastric digestion, in the static gastric digestion, which does not mimic mixing
or peristalsis, amounts of released total and individual polyphenols did not change in
time [28], similar to our study. However, there was a visible increase in released total
and individual polyphenols in the conditions of dynamic gastric digestion, which controls
gastric juice injection and mimics contractions in the stomach [28]. Moreover, procyanidin
B2 and quercetin-3-galactoside were degraded [28]. Kahle et al. (2011) [29] conducted a
study of the stability of apple polyphenols in gastric juice and found that hydrocinnamic
acids, flavonols, dihydrochalcones, and monomeric flavan-3-ols were stable. However,
procyanidin B2 was also reported to degrade [29]. Since in this study, we used static gastric
digestion, our results were similar to earlier studies [28,29] showing the stability of phenolic
compounds. The amount of procyanidin B2 slightly decreased during the gastric digestion,
but not significantly, maybe due to the static model of the digestion.
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Table 1. The amount of phenolic compounds from peel of apples before digestion and after simulated gastric and intestinal digestion (mg kg~! FW).
Before Gastric Digestion Intestinal Digestion
Phenolic Compounds Digestion 10 min 20 min 30 min 60 min 120 min 10 min 20 min 30 min 60 min 120 min
Anthocyanins
cyanidin-3-galactoside 172+152 43+£05° 424+00° 45+03° 45+12° 3.6+03" nd. n.d. n.d. n.d. n.d.
total 1724152 43+05° 42400° 45403°b 45+12° 3.6 +03° nd. nd. nd. nd. nd.
Flavan-3-ols
(+)-catechin 72+072 0.8+02Pb 0.7+0.0P 0.7+0.0b 08+0.1P 09+01Pb n.d. n.d. n.d. n.d. n.d.
rocyanidin B2 839 +10.52 43.7 +10.7" 3204+21° 430+86" 400 +64° 33.0+1.0° nd. nd. n.d. nd. nd.
procy
—)-epicatechin 109.9 £1.72 271+61° 192 +26° 30.6 +6.6° 266 +62° 221439° n.d. n.d. nd. nd. n.d.
P
total 201.1 +12.92 71.6 +17.0° 51.8 447" 7434+ 52° 67.4+ 127" 56.0 4+ 4.8° nd. nd. n.d. nd. nd.
Dihydrochalcones
phloretin-2-glucoside 41.8+£0.82 11.34+2.0° 1024+ 05" 11.9+0.8° 11.3+1.0° 9.9+ 02" 16.54+5.0° 11.8 426" 14.0+0.0° 1554 0.0° nd.
total 41.8+082 11.3+£20° 102 +05° 119 +08° 11.3+1.0° 9.9+02° 165+50° 11.8+26° 14.0+£0.0° 1554+ 0.0° n.d.
Phenolic acids
chlorogenic acid 141.0 £3.8? 427453° 333 £3.60¢ 4304+ 58" 39.1+£6.25¢ 347 £59b¢ 23.1+47°¢ 216+1.0°¢ 22345.1¢ 39.9 + 0.8 ¢ 302 £ 6.95¢
total 141.0 £3.8°2 427 4+53° 333 +£3.65¢ 4304 58" 39.1+6.25¢ 347 +5.9b¢ 231+£47¢ 216+1.0°¢ 22345.1¢ 39.9 4+ 0.8 b¢ 302+ 6.9b¢
Flavonols
quercetin-3-galactoside 143 +24° 8.0+212b 8440920 89+ 0820 11.0 £392b 8.7 £ 0220 8.0+202 65+16" 72+£17° 74+£04° 64+09"
quercetin-3-glucoside 488 £2.12 2154 43P 2204+1.0° 2324 0.7° 26.0+64° 213+ 1.1° 229456° 18.14+34° 254+ 06" 31.5+4.7P 27.1449°
quercetin derivative * 207 £1.22 10.6 +224 10.6 +£0.0¢ 115+ 02 124 + 2.6 b4 105+ 0.7 ¢ 16.7 + 3.8 2bed 13.3 & 1.7bed 17.2 £ 0.1 &b< 18.1 £ 1020 16.5 & 0.8 *bed
quercetin-3-xyloside * 424 +1.32 16.34+3.7°¢ 16.6 4 0.5 ¢ 18.1 4+ 0.2b¢ 19.7 + 4.3 b¢ 16.8 + 1.2b¢ 232 4+ 4.85¢ 19.9 +3.1 ¢ 23.7 +0.5b5¢ 257 +0.3° 21.6 +0.2°¢
quercetin-3-thamnoside 90.0+552 53.6 4 14.4° 51.3+0.6° 56.5 & 0.0 P 70.5 +22.02P 545424° 54.6 +9.1° 492 +75° 54.8 +14.3° 63.6 £022P 55.9 £ 03"
Total 2161+ 6.0 110.1 +26.7° 108.9 +3.0° 11824+ 19" 139.6 4+ 39.1° 111.8 +52° 125.4 + 253" 107.0 +17.3 1283 +17.3" 146.4 +2.8° 12754+ 42"
TOTAL 617.3 +23.32 239.9 4 51.6 P< 208.4 4+ 11.9 b< 251.9 £ 24.0 ¢ 261.9 £ 60.3° 216.1 + 5.0 b< 164.9 + 35.0 < 140.4 £209°¢ 164.6 + 22.4 b¢ 194.1 +9.0b¢ 157.7 £2.7b¢

Amounts before the digestion are mean values of three parallel experiments measured once on HPLC (n = 3), and amounts in the gastric and intestinal digestion are mean values of two
parallel experiments, each measured once on HPLC (1 = 2). The values in rows with different letters are significantly different according to the post hoc Tukey test (p < 0.05). * tentatively
identified. n.d.—not detected.
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Table 2. The amount of phenolic compounds in the flesh of apples before digestion and after simulated gastric and intestinal digestion (mg kg~ FW).

Before Gastric Digestion Intestinal Digestion
Phenolic Compounds Digestion 10 min 20 min 30 min 60 min 120 min 10 min 20 min 30 min 60 min 120 min
Flavan-3-ols
(+)-catechin 51402 159+022 221+242 1574+042 166+3.0% 2184562 nd. n.d. nd. nd. nd.
procyanidin B2 269+11% 140+41° 161+02° 1294+23P 114408 134+18P n.d. n.d. n.d. n.d. n.d.
(—)-epicatechin 15+032 20+032 14+012 17+072 134032 144012 n.d. n.d. n.d. nd. nd.
total 33.6+092 319+462 395+272 302+122 2944192 366+732 n.d. n.d. nd. n.d. n.d.
Dihydrochalcones
phloretin-2-glucoside ~ 126 +1.13  52406°  68+00° 50400 50+06°  63+22P n.d. nd. nd. n.d. n.d.
total 126 +112 524060 68+00° 50+00° 50+06P 63 +£22b n.d. n.d. nd. n.d. nd.
Phenolic acids
chlorogenic acid 274192 56+03° 66+01P¢ 564+01° 53+06° 66+13Pc 97+08P 96+08P 89+07Pc 75+01bc 100+08P
chlorogenic acid isomer*  92+£05%  45+05° 54401 41+00P 41+04P  49+15°P n.d. nd. n.d. nd. nd.
total 3194222 101+08P 120+00P 97+01P 93+10P 115+28P 974+08P 96+08> 89+07P 75+01P 10.0 £ 0.8°
Flavonols

quercetin-3-xyloside* ~ 95+0.62 43+06° 56+01° 41+£00®> 40+05° 50+£16° 115+082 113409 99+042  91+03* 11.7+15°

quercetin-3-thamnoside ~ 6.0+10% 27+00> 31401 27+01° 284+03" 30+01° 33+02°b 344+02P 31402P 30+00° 36+02P

total 155+15% 70+06¢ 8.6 +00Pc 68+0.1°¢ 6.8+£08¢ 80£17¢ 148 +1.02% 146+07% 1314062 121+042> 1534172

TOTAL 935+472 542+66P 669+28P 51.7+12P 505+43° 625+140° 244+£18° 242+14°¢ 21.9+13€ 19.6 £ 03¢ 253 +25¢
Amounts before the digestion are mean values of three parallel experiments measured once on HPLC (n = 3), and amounts in the gastric and intestinal digestion are mean values of two

parallel experiments, each measured once on HPLC (n = 2). The values in rows with different letters are significantly different according to the post hoc Tukey test (p < 0.05). * tentatively
identified. n.d.—not detected.
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3.3. The Release of Phenolic Compounds in the Intestinal Digestion

In the intestinal phase of the simulated digestion of peel and flesh of apples (Tables 1 and 2),
some of the compounds were not identified, the amounts of some decreased to zero, or
they were not detected at all, and some compounds showed stability and were identified
through the whole period of intestinal digestion.

Compounds that were not identified were anthocyanins (Tables 1 and 2). Similarly,
after the intestinal digestion of jaboticaba fruit peel, only 10% of anthocyanins were found at
the end of the digestion, and only 1.3% were able to pass the cellulose dialysis membrane [4].
The reason for not detecting anthocyanins or for the decrease in their concentration could
be the change of pH from low values in the gastric digestion (pH 3) to higher values in the
intestinal phase (pH 7), at which anthocyanins change their chemical form from the form
of a flavylium cation to a colorless carbinol pseudo-base [4]. Another subgroup of phenolic
compounds that was not identified in the intestinal phase of digestion was the flavan-3-ol
subgroup. Similarly, flavan-3-ols from apples were not identified in the intestinal phase of
digestion [2], or their amount was lower in the intestinal phase than in the gastric phase [27].
Kahle et al. (2011) [29] also reported the degradation of flavan-3-ols in duodenal juice. The
decrease in flavan-3-ol content or their complete disappearance could be the result of their
degradation by autooxidation, polymerization, or complex formation in an environment of
elevated pH [27]. The products of the autoxidation of various catechins after the in vitro
gastrointestinal digestion were identified as different homo and heterocatechin dimers [30].

Other compounds that were not identified or their amount decreased to zero at the
end of the intestinal digestion are dihydrochalcones (Tables 1 and 2). After the intestinal
digestion of apple peel, the dihydrochalcone phloretin-2-glucoside was present for up to
60 min, but at the end of the digestion, it could not be identified. The same dihydrochalcone
from the flesh was not identified during the whole intestinal digestion. The release of
dihydrochalcones had a somewhat different trend in earlier studies. After the intestinal
digestion of apples, the number of total dihydrochalcones increased, which was the result of
the increase in released phloretin-2-glucoside [27]. Dihydrochalcones were also identified
in the intestinal phase of digestion of apples in the study of Bouayed et al. (2012) [2].
Dihydrochalcones showed stability in the duodenal juice [29].

Compounds that were found throughout the whole period of the intestinal phase of
digestion were chlorogenic acid and flavonols (Tables 1 and 2). Chlorogenic acid from the
flesh and peel of apples was present in the first 10 min of the intestinal phase in the amount
statistically similar to the amount at the end of the gastric phase. Moreover, although
there were some visible fluctuations in its content with time, its amount statistically did
not change significantly throughout the whole period of intestinal digestion. On the
other hand, chlorogenic acid isomer was not identified in the intestinal phase. In earlier
studies, chlorogenic acid was also found after the intestinal digestion of apples [2,27], and
its amount was not affected by intestinal digestion compared to gastric digestion [27],
similar to this study. Some studies reported a decrease in the chlorogenic acid content in
the intestine [2]. Chlorogenic acid can isomerize [2,29] into cryptochlorogenic acid and
neochlorogenic acid, which degrade its content by 41-77% [2]. Another group of constantly
present phenolic compounds is the group of flavonols. Amounts of individual and total
flavonols in the first 10 min of the intestinal phase were statistically similar to amounts
after the gastric phase. Exceptions were quercetin-3-xyloside and total flavonols from flesh
whose content in this intestinal phase was higher than the content at the end of gastric
digestion. During the further period, the amounts of flavonols statistically did not change
significantly. Similar to our study, flavonols were released in the intestinal phase of the
digestion of apples [2,27]. Their amount was the most abundant [2], but it can also decrease
during intestinal digestion [27]. Accordingly, it can be suggested that chlorogenic acid and
all of the flavonols showed more stability in the conditions of intestinal digestion than
anthocyanins, flavan-3-ols, and dihydrochalcones.
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3.4. Phenolic Compounds at the End of Gastric and Intestinal Phases of Digestion

Figure 1A,B shows the amounts of total phenolic compounds and phenolic subgroups
released at the end of gastric and intestinal phases of digestion. They were compared to the
amounts before the digestion to see possible differences. At the end of the gastric phase,
amounts of total released phenolics from peel and flesh were significantly lower than before
the digestion (p < 0.05) and additionally decreased in the intestinal digestion, but statistically
significant only for the flesh (p < 0.05). The same could be seen for phenolic subgroups.
Total anthocyanins, flavan-3-ols, dihydrochalcones, phenolic acids, and flavonols were
released in the gastric phase in significantly lower amounts than before the digestion
(p < 0.05). An exception was flavan-3-ols from apple flesh, whose amounts in natural
apples were similar to the amounts after gastric digestion. Anthocyanins, flavan-3-ols, and
dihydrochalcones were not identified at the end of the intestinal phase. However, phenolic
acids and flavonols showed stability, and the amount of flavonols even increased during
intestinal digestion (significant in the apple flesh (p < 0.05)).
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Figure 1. Phenolic subgroups and total phenolic compounds from apples before and at the end of
two digestion phases (simulated gastric and intestinal digestion phases). Amounts (mg kg{1 FW)
released from (A) peel and (B) flesh; percentages recovered from (C) peel and (D) flesh. Different
letters above columns represent differences according to post-hoc Tukey test (p < 0.05).

Figure 1C,D shows the percentage recovery of phenolic compounds. Only 35% and
67% of total phenolics were recovered during the gastric phase (peel and flesh, respectively),
and that percentage decreased to 26% and 27% in the intestine (respectively). Recoveries of
different subgroups were 21% to 52% (peel) and 36% to 109% (flesh) in the gastric phase.
In the intestinal phase, the recovery of phenolic acids was 21% and 31% (peel and flesh,
respectively), and that of flavonols 59% and 99% (peel and flesh, respectively).
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In general, phenolic compounds are released in the gastric phase but in lower amounts
than naturally present in apples, and their amounts additionally decrease in the intestine.
Flavonols might be an exception since their amount increased from the gastric to the end of
the intestinal digestion.

3.5. Kinetics

In reactions as studied in kinetics, the concentration of a reactant may decrease with
time as the product forms. If ¢; represents the concentration of a reactant at time ¢, then the
curve in the diagram ¢; vs. t is a decreasing function. The data in the diagram ¢; vs. t can be
studied with equations of first- or second-order. For settings in which the concentration of
the reactant tends eventually to 0, an equation of the first order is [31]:

= coe*kt ()
and of the second order: %
4= 1+ cokt ©)

where ¢; is the concentration of a reactant at time ¢, with initial concentration ¢ at t = 0, and
the parameter k is the reaction rate constant [31].

The half-life (1 /5) of the reactant is the time needed for the initial concentration of the
reactant (cg) to drop 50%, in other words, to reach ¢y /2. Equation (2) can be used to obtain
the expression for 1/, by putting cy/2 in place of the ¢;, and the expression for t obtained
from that equation will be ¢; /». The half-life for the first-order reaction (t;,,) becomes:

0.693
tip = 5 4)

Likewise, putting ¢y/2 in place of ¢; in Equation (3), the half-life t; /, for the second-

order reaction becomes [31]:
1
typ = ke @)

3.5.1. Kinetics in the Simulated Digestion Process

Simulated digestion processes can have a different behavior. A concentration of a
compound can increase with time as the compound is released from the food matrix in the
digestive tract or created from some bigger molecule as a degradation product. In this case,
the curve in the diagram c; vs. t follows an increasing function. Kinetic Equations (2) and (3)
can be adjusted to correspond to increasing concentrations of observed compounds. The
adjustment can be seen in the replacement of the parameter ¢y with ce, which is the
concentration of the compound at the endpoint of the reaction, and c¢; with ceo — ¢t. Now ¢¢
in the digestion process is increasing with time to the endpoint where it reaches maximum
o, and, accordingly, the difference coo — ¢, which represents the part that still needs to be
released, will decrease in time as expressed in the following equation.

Coo — Ct = Cool X 6)
Rearranging this equation, we can write the equation for the first order as:
1 = Coo(1— e ) (7)

This equation was used for the kinetic models of starch digestion [32-35]. Such
expressions are suitable for the setting in which the initial concentration is 0.

Likewise, replacing c; with ceo — ¢ and cg with ¢ in Equation (3), Equation (3) for the
second order becomes:

Coo
o — = 8
Coo = Ot = T ekt ®)
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After rearranging Equation (8), this equation can be written as:

1

1+ Cookt) ©)

Ct = Coof1
Equations (7) and (9) are usually used for the simulated digestion processes to study
the kinetics of these processes.

3.5.2. The Modification of Equations of the First and Second Order for the Gastrointestinal
Digestion of Phenolic Compounds

When studying the release of phenolic compounds in digestion, their concentration
can increase or decrease. In the stomach, their concentration increases since they are lib-
erated from the matrix of food. The ¢; vs. t is an increasing function. We could apply
Equations (7) and (9) to study the kinetics of the phenolic compound in the stomach. How-
ever, in the small intestine, phenolic compounds can be degraded or changed due to differ-
ent pH, and consequently, their concentration in the natural form can decrease over time.
The c; vs. t can be a decreasing function. In this case, we could apply Equations (2) and (3)
to study the kinetics of the phenolic compound in the small intestine.

Instead, we modified Equations (2) and (3) to be able to use them in both cases when ¢;
vs. t is an increasing or decreasing function, now with an allowance of non-zero initial and
final concentrations. Equation (2) describes the first order that was modified by replacing cg
with ¢y — ¢ and by replacing ¢; with ¢; — ceo, which represents the part of a compound that
still needs to react, either for liberation or degradation. After rearranging and expressing c,
Equation (2) becomes:

¢t = (cy—coo)e M+ coo (10)

Likewise, Equation (3) describes the second-order was modified by replacing cy with
€p — Ceo and by replacing c¢; with ¢; — co. After rearranging and expressing c;, we have the
equation:

Co — Coo
= T Jco —calkt (1)

These modifications lead the curve in the diagram ¢; vs. t from the value ¢y at the t =0,
and level it toward the value c. In addition, when ¢« < ¢, the curve is decreasing, and
when ¢ > cg, the curve is increasing. In this way, the modified Equations (10) and (11) can
adjust to the experimental data that show the increase in ¢; with time or the decrease in ¢;
in time.

These equations can also be used to express the time evolution of ¢; — ¢, the difference
between the current and final concentrations (the part of the compounds that needs to be lib-
erated or degraded). The terminology of first and second order for Equations (10) and (11),
respectively, arises because the time derivative of this concentration difference is pro-
portional to its current value (first order) or to the square of its current value (second
order), respectively.

The expression for the half-life of reactants, in this case, is the time at which the
concentration reaches a value halfway between the initial ¢y and the final ce. It can be
obtained by replacing c¢; with (cy — cx)/2 + ¢ in Equations (10) and (11). By expressing
t from these equations, we can solve for t;/,. The expression for the first-order reaction
half-life is again:

hyp =220 (12)
and the expression for the second-order reaction half-life becomes:

1

_ 13
k|C0 —Coo| ( )

tiyp =

For the analysis of the experimental results of phenolic compounds liberated in the
stomach and then liberated or degraded in the small intestine, to express the concentration
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as a function of time, we used Equations (10) and (11), and to express the half-life we used
Equations (12) and (13), which enabled us to determine k, ce and ¢; /5.

It is specified that ¢; (mg kg~?!) is the concentration of phenolic compounds at time ,
co (mg kg~ 1) is the concentration of the phenolic compounds at ¢ = 0, cs (mg kg™ is the
concentration of phenolic compounds at the endpoint of the reaction, k is the reaction rate
constant (mirr1 for the first order kinetics, kg mg*1 min~! for the second order kinetics), t
is time (min), and #; /, is the time when the concentration reaches 50% of the way from cg
10 Co-

3.5.3. Kinetics of Phenolic Compound from Apple Released in the Gastric and Intestinal
Digestion

Table 3 shows the results of the kinetic of released phenolic compounds in gastric
digestion. According to the c predicted with the model of the first-order, the amounts of
released phenolic subgroups can reach 4.3 to 120.4 mg kg ! after the gastric digestion of
peel, or 5.7 to 33.8 mg kg ! after the gastric digestion of flesh depending on the subgroup.
The ce predicted with the second-order model gave similar amounts, reaching 4.3 to
125.1 mg kg ! after the gastric digestion of the peel or 5.8 to 33.6 mg kg ! after the gastric
digestion of flesh, again depending on the subgroup. The total released phenolics is
predicted to be 236.5 mg kg ! (peel) and 57.7 mg kg~! (flesh) according to the first-order,
or 240.4 mg kg~ ! (peel) and 57.6 mg kg ! (flesh) according to the second-order equation.

Table 3. Parameters of first and second order, with the use of modified equations.

First Order Second Order
. . Coo k tin Coo Cex
ke (min~1)  ty; (min) (mg kg—1) SE (kg mg~1 min-1) (min) (mg kg1 SE (mg kgp’l)
Peel
Gastric

anthocyaninns 0.40 1.7 4.3 0.46 0.353 0.65 4.3 0.50 3.6
flavan-3-ols 0.43 1.6 64.4 11.60 0.010 1.45 67.8 12.88 56.0

dihydrochalcones 0.20 3.5 11.2 1.33 0.034 248 11.9 1.52 9.9
phenolic acids 0.22 3.1 39.3 6.40 0.011 2.27 41.7 7.07 34.7
flavonols 0.23 3.0 1204 13.59 0.005 1.56 125.1 12.94 111.8
total 0.40 1.7 236.5 26.74 0.008 0.50 240.4 26.7 216.1

Intestinal
dihydrochalcones 0.30 2.3 14.5 2.58 0.167 1.25 14.7 2.58 15.5
phenolic acids 0.40 1.7 274 9.03 0.066 2.00 27.1 9.34 30.2
flavonols 0.03 20.9 1354 13.80 0.001 32.27 141.7 14.14 127.5
total 0.30 2.3 163.8 22.40 0.009 2.00 160.7 23.66 157.7
Flesh
Gastric

flavan-3-ols 0.32 2.2 33.8 4.99 0.381 0.08 33.6 5.06 36.6

dihydrochalcones 0.28 2.5 57 0.94 0.372 0.47 5.8 0.96 6.3
phenolic acids 0.32 22 10.6 1.31 0.507 0.19 10.6 1.33 115

flavonols 0.28 2.5 7.6 0.92 0.326 0.40 7.6 0.95 8.0
total 0.31 2.3 57.7 8.14 0.098 0.18 57.6 8.29 62.5

Intestinal

phenolic acids 0.10 7.3 8.8 1.03 0.081 4.42 8.7 1.07 10.0
flavonols 0.91 0.8 14.0 1.56 0.145 111 14.2 1.66 15.3
total 0.31 2.3 22.7 2,51 0.045 0.55 222 2.52 25.3

SE—standard error.

In the intestinal digestion (Table 3), the amount of released phenolic subgroups (cc)
predicted with the model of the first-order reached 14.5 to 135.4 mg kg~ ! (peel) or 8.8
to 14 mg kg~ ! (flesh) depending on the subgroup, and the amounts of total phenolics
163.8 mg kg~ ! (peel) and 22.7 mg kg~ ! (flesh). Again, the cs predicted by the second-order
model gave similar amounts of released compounds for phenolic subgroups reaching 14.7
to 141.7 mg kg ! (peel) or 8.7 to 14.2 mg kg ! (flesh), and for total phenolics 160.7 mg kg !
(peel) and 22.2 mg kg~ ! (flesh).

The amounts released in gastric and intestinal digestion at the endpoint, as predicted
with kinetic models, correspond well to experimentally determined amounts (cexp). This
can be seen from the correlation between co and cexp (r2 0.9973 and 0.9946 for first- and
second-order models, respectively) (Figure 2). It can be suggested that the models and their
parameters describe gastric and intestinal digestion well. To compare the first- and second-
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order models, it can be seen that somewhat lower standard errors (Table 3) and higher
correlation with experimental results (Figure 2) were obtained for the values predicted by
the model of the first-order kinetic.

300 7 R2-0.9973 R2=0.9946

250 4 firstorder second order
B . a— _——Aa -

O L] ] L] L) 1
0 50 100 150 200 250

Cexp (Mg kg™)

Figure 2. Correlation between co (mg kg~! FW) predicted with the first- and second-order ki-
netic models and cexp (mg kg*1 FW) experimentally determined. ce and cexp are concentrations
of phenolic compounds at the endpoint of the reaction predicted by models or experimentally
determined, respectively.

Table 3 shows the half-life (t;/,) of phenolic compounds. According to ¢/, of the
first-order model, half of the phenolic compounds can be released in gastric digestion in a
short time period ranging from 1.6 to 3.5 min (peel) or 2.2 to 2.5 min (flesh), depending on
the phenolic subgroup. Similar t; ,, were obtained with the second-order model. Half of the
phenolics can be released in gastric digestion in 0.65 to 2.48 min (peel) or 0.08 to 0.47 min
(flesh). It can be suggested that the release of phenolic compounds in gastric digestion
takes place in the first several minutes of the digestion.

In the intestinal digestion, half of the release/decrease of phenolic compound hap-
pened from 1.7 to 20.9 min (peel) or from 0.8 to 7.3 min (flesh) according to first-order model,
and from 1.25 to 32.27 min (peel) or from 0.55 to 4.42 min (flesh) according to second-order
model (Table 3). A longer half-life or longer release period was shown for flavonols from
the peel (20.9 or 32.3 min, for the first- and second-order models, respectively). It can be
suggested that changes to the phenolic compounds in intestinal digestion take place in the
first several minutes, but the exceptions are flavonols, whose release might happen over a
longer period.

4. Conclusions

Due to their availability throughout the whole year, apples are present in the everyday
diets of people all over the world. That is why they are an important source of phenolic
compounds, particularly anthocyanins, flavan-3-ols, dihydrochalcones, phenolic acids, and
flavonols. The same compounds were identified in this study. In view of their constant
availability for the diet, there is interest in investigating their degradation or stability and
their release from the food matrix during digestion to help understand their beneficial
effects. As shown in this study, phenolic compounds are present in gastric and intestinal
digestion in a lower amount than the natural amount in apples, and they are released
intensively in the first 10 min of gastric digestion. In intestinal digestion, some phenolic
compounds were not identified, such as anthocyanins or flavan-3-ols. Dihydrochalcones
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were not identified, or their amount decreased, while phenolic acids and flavonols showed
stability during intestinal digestion.

The variation of the concentration of phenolic compounds with the time of digestion,
as well as the prediction of their presence in the digestive system in time, can also lead to a
better description of the effects of phenolic compounds. This kinetic approach has already
been described as important for the exposure of the digestive tract to phenolic compounds
and their true effects. Kinetic models for the analysis of the data help in the assessment of
their presence in the digestive tract during digestion time. Modified equations of the first-
and second-order models used here described well the behavior of phenolic compounds
during their timely release in digestion. Somewhat lower standard errors and higher
correlation with experimental results were obtained for the values predicted by the model
of the first order. The models also predicted that phenolic compounds are released in the
first several minutes of the digestion, and it can be suggested that after that, the release
of phenolic compounds slows down or reaches equilibrium. The modified equations
developed and applied here can be used when studying the kinetics of gastrointestinal
digestion. They represent a novelty in the study of the kinetics of the release of phenolic
compounds in the gastrointestinal tract.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app13148434 /s1, Figure S1: Chromatograms of phenolic com-
pounds from apple peel (A) extracted with 80% methanol scanned at 280 nm, with smaller chro-
matograms scanned at 320, 360 and 510 nm to better present peaks of phenolic acids, flavonols and
anthocyanins, respectively, (B) after the gastric digestion scanned at 280 nm, (C) after the intestinal di-
gestion scanned at 280 nm, with smaller chromatograms scanned at 320 and 360 to better present peaks
of phenolic acids and flavonol, respectively. Peaks: 1—(+)-catechin, 2—procyanidin B2, 3—chlorogenic
acid, 5—(—)-epicatechin, 6—cyandin-3-galactoside, 7—quercetin-3-galactoside, 8—quercetin-3-glucoside,
9*—quercetin derivative, 10—phloretin-2-glucoside, 11*—quercetin-3-xyloside, 12—quercetin-3-
rhamnoside. * tentative identification; Figure 52: Chromatograms of phenolic compounds from apple
flesh (A) extracted with 80% methanol and scanned at 280 nm, with smaller chromatograms at 320
and 360 nm to better see peaks of phenolic acids and flavonols, respectively, (B) after the gastric diges-
tion scanned at 280 nm, (C) after the intestinal digestion scanned at 320 nm. Peaks: 1—(+)-catechin,
2—procyanidin B2, 3—chlorogenic acid, 4—chlorogenic acid isomer, 5—(—)-epicatechin, 10—phloretin-
2-glucoside, 11*—quercetin-3-xyloside, 12—quercetin-3-rhamnoside. * tentative identification.
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