Italian Journal of Animal Science

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tjas20

Taylor & Francis

Taylor & Francis Group

In vitro and in vivo antimicrobial activity of
cinnamaldehyde and derivatives towards the
intestinal bacteria of the weaned piglet

Elout Van Liefferinge, Claudio Forte, Jeroen Degroote, Anneke Ovyn, Noémie
Van Noten, Sven Mangelinckx & Joris Michiels

To cite this article: Elout Van Liefferinge, Claudio Forte, Jeroen Degroote, Anneke Ovyn, Noémie
Van Noten, Sven Mangelinckx & Joris Michiels (2022) In vitro and in vivo antimicrobial activity of
cinnamaldehyde and derivatives towards the intestinal bacteria of the weaned piglet, Italian Journal
of Animal Science, 21:1, 493-506, DOI: 10.1080/1828051X.2022.2041113

To link to this article: https://doi.org/10.1080/1828051X.2022.2041113

© 2022 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

@ Published online: 14 Mar 2022.

N
CA/ Submit your article to this journal

||I| Article views: 79

A
& View related articles '

P

(&) view Crossmark data

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=tjas20


https://www.tandfonline.com/action/journalInformation?journalCode=tjas20
https://www.tandfonline.com/loi/tjas20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/1828051X.2022.2041113
https://doi.org/10.1080/1828051X.2022.2041113
https://www.tandfonline.com/action/authorSubmission?journalCode=tjas20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tjas20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/1828051X.2022.2041113
https://www.tandfonline.com/doi/mlt/10.1080/1828051X.2022.2041113
http://crossmark.crossref.org/dialog/?doi=10.1080/1828051X.2022.2041113&domain=pdf&date_stamp=2022-03-14
http://crossmark.crossref.org/dialog/?doi=10.1080/1828051X.2022.2041113&domain=pdf&date_stamp=2022-03-14

ITALIAN JOURNAL OF ANIMAL SCIENCE
2022, VOL. 21, NO. 1, 493-506
https://doi.org/10.1080/1828051X.2022.2041113

Taylor & Francis
Taylor &Francis Group

PAPER

8 OPEN ACCESS ‘ N Checkforupdates‘

In vitro and in vivo antimicrobial activity of cinnamaldehyde and derivatives
towards the intestinal bacteria of the weaned piglet

Elout Van Liefferinge® (®, Claudio Forte®
Sven Mangelinckx® and Joris Michiels®

, Jeroen Degroote?, Anneke Ovyn® Noémie Van Noten?,

2Vakgroep Dierwetenschappen en Aquatische Ecologie, Ghent University, Gent, Belgium; "Dipartimento di Scienze Veterinarie,
University of Turin, Grugliasco, Italy; “Vakgroep Groene Chemie en Technologie, Ghent University, Gent, Belgium

ABSTRACT

Cinnamaldehyde has an effective antimicrobial activity and therefore it received interest as a
feed additive in swine nutrition. However, its high reactivity to amino acid residues might affect
its efficacy and digestive processes. As an alternative, 20 chemical derivatives were evaluated.
The in vitro antimicrobial activities were tested in an in vitro fermentation model. Thereof three
compounds were selected and fed to newly weaned piglets. Five dietary treatments were repli-
cated in six pens of four pigs per pen; i.e. control, cinnamaldehyde at 100 and 400 mg/kg, and
2-methoxycinnamaldehyde and 4-methoxycinnamaldehyde, both equimolar to 400 mg/kg cinna-
maldehyde. In vitro results showed that 4-nitrocinnamaldehyde has the highest antimicrobial
activity; however, this compound is carcinogenic and was not further issued. Cinnamaldehyde
had the second-highest activity, particularly against coliform bacteria and Escherichia coli (E.
coli), followed by 4-methoxycinnamaldehyde, 2-methoxycinnamaldehyde and hydrocinnamalde-
hyde. All other derivatives showed lower potency, but they were consistently more bactericidal
against coliform bacteria and E. coli as compared to Gram-positive bacteria. At pH 7, aldehydes
showed stronger bactericidal activity than their corresponding carboxylic acids, which was not
the case at pH 5, suggesting a different mode of action. In the in vivo trial, no significant
improvements in animal performance or antimicrobial effects were observed. To conclude, apart
from 4-nitrocinnamaldehyde, none of the derivatives showed higher antimicrobial potency than
cinnamaldehyde. Three selected compounds from in vitro trials failed to demonstrate major
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positive outcomes in the in vivo trial.

HIGHLIGHTS

e 4-Nitrocinnamaldehyde has the highest antimicrobial activity in vitro.
e Cinnamaldehyde had the second-highest activity, followed by 4-methoxycinnamaldehyde, 2-

methoxycinnamaldehyde.

e No significant improvements in animal performance or antimicrobial effects were observed.

Introduction

Cinnamaldehyde is an g f-unsaturated aldehyde and
major constituent of cinnamon essential oil
(Cinnamomum  zeylanicum B.). This compound has
been suggested as a potent antimicrobial to control
pathogens in pig and poultry (Michiels et al. 2009;
Verlinden et al. 2013). Given the increased limitations
on the use of antibiotics as growth promoter and pro-
phylactics worldwide and the phasing out of pharma-
cological ZnO in the EU by 2022 in pig production
(Commission Implementing Decision of 26.6.2017,
C(2017) 4,529 Final), the interest for this compound is

legitimate (Bonetti et al. 2021). In animal production,
cinnamaldehyde has been listed as authorised flavour-
ing compound (category 2b) in EU Register of Feed
Additives, and is also found as ingredients of some
authorisations within the category of zootechnical
feed additives (4d). The antimicrobial properties of cin-
namaldehyde against intestinal pathogens have been
well described (Helander et al. 1998; Doyle and
Stephens 2019). Furthermore, in vitro simulations of
the fermentation in the pig gut have demonstrated
that cinnamaldehyde has a pronounced selective anti-

microbial spectrum (Michiels et al. 2009). More
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specifically, in jejunal simulations, the growth of coli-
form bacteria was inhibited by 1.6 log,, CFU/mL at
100 mg/L of cinnamaldehyde in the medium, whereas
for a similar effect on lactic acid bacteria a 10-fold
concentration was required. Overall, this compound
may restore the microbial balance in animals suffering
from enteral infection and dysbiosis, such as the
weaned piglet (Gresse et al. 2017).

Multiple target sites for antibacterial action are
being described, which are likely species-dependent
(Gill and Holley 2004; Kim et al. 2004; Gill and Holley
2006; Di Pasqua et al. 2007, Domadia et al. 2007;
Visvalingam et al. 2013). Importantly, it has been
shown that cinnamaldehyde does not induce acquired
resistance in bacteria (Ali et al. 2005), supposedly as a
consequence of its diverse modes of action.
Furthermore, bacterial exposure (2h) to cinnamalde-
hyde resulted in the induction of oxidative stress and
reduced DNA replications, reduced synthesis of pro-
teins and fimbriae by downregulation of the respect-
ive functional genes in Escherichia coli (E. coli). Longer
exposure (4h) resulted in the bacterial conversion of
cinnamaldehyde to inactive cinnamyl alcohol. This
suggests that the aldehyde moiety of the cinnamalde-
hyde molecule is essential to exert antimicrobial prop-
erties (Visvalingam et al. 2013). Evidence regarding the
beneficial effects of single applied cinnamaldehyde in
diets of pigs is scarce and inconsistent (Bikker et al.
2003; Andrés Elias et al. 2007; Yan and Kim 2012),
although more reports are available testing mixtures
of active ingredients including cinnamaldehyde
(Manzanilla et al. 2004; Frankic et al. 2010; Blavi et al.
2016). Indeed, the in vivo application of cinnamalde-
hyde might come with some issues, such as its strong
odour and taste. Also, its high reactivity with amino
acid residues (Elahi et al. 2004), low-oxidative stability
(Friedman et al. 2000), low-heat stability >70°C
(Gholivand and Ahmadi 2008), reduction of active
transport in the gut by inhibition of Na®, K"-ATPase
(Kreydiyyeh et al. 2000; Michiels, Missotten, Dierick,
et al. 2010; Michiels, Missotten, Van Hoorick, et al.
2010) and fast absorption in the proximal gut
(Michiels et al. 2008) are some major drawbacks.

Due to its electrophilic character, cinnamaldehyde
can react with amino acids via two mechanisms: Schiff
base formation and Michael addition (Elahi et al.
2004). It has been shown that the carbonyl carbon is
more significant in terms of reactivity than the B-car-
bon. Potential participants in these concurrent and
consecutive reactions of cinnamaldehyde in vitro and
in vivo include a-NH, groups or lysine &-NH, or SH
groups of amino acids, peptides, proteins, as well as

nucleic acid (DNA) side chains. Many of the biological
actions of cinnamaldehyde can be ascribed to its pro-
tein reactive nature (Friedman 2017), such as the inter-
action with Transient Receptor Potential Channel
Ankyrin 1 (TRPA1), a cation channel that plays an
important role in the sensation of pain, inflammation,
coughs and the intestinal feedback mechanism to alter
the gastric function (McNamara et al. 2007; Nozawa
et al. 2009; Grace and Belvisi 2011; Bautista et al.
2013). However, it can also be assumed that protein
complexation might affect digestive processes nega-
tively or reduce its potential antimicrobial activity in
the gastro-intestinal tract.

Altering the chemical structure of cinnamaldehyde
(e.g. altering the functional group, substitution on the
phenyl structure, saturation of the a,B-bond) will affect
electron density and may convey hindrance for reac-
tion, hence modifying affinity for nucleophiles, and
ultimately, its biological activity may change. As such,
cinnamic acid, acrylic acid and acrylamide, all of which
contain both a carbonyl carbon and an unsaturated
a,B-carbon-carbon double bond, are weakly electro-
philic at the carbonyl carbon, and hence were
observed to have little or no reactivity towards cellular
proteins such as TRPA1 (Sadofsky et al. 2011).
Furthermore, Lieder et al. (2020) showed that a range
of naturally occurring compounds that are structurally
related to cinnamaldehyde did not induce serotonin
release as potent as unsubstituted cinnamaldehyde, in
both Caco-2 and QGP-1 cell lines, by interacting
with TRPA1.

Therefore, it was hypothesised that altering the
chemical structure of cinnamaldehyde would change
its biological activity accordingly. In order to explore
which structural features of cinnamaldehyde are
important to exert its antimicrobial effect, chemical
derivatives with reduced affinity for addition reactions,
retaining an interesting antimicrobial spectrum, were
screened. Hence, 1/the in vitro antimicrobial activity
was tested in simulations of the fermentation of the
pig foregut and 2/the in vivo efficacy of cinnamalde-
hyde and two selected derivatives (2-methoxycinna-
maldehyde and 4-methoxycinnamaldehyde) in weaned
piglets on gut bacteria and indices of gut health as
compared to cinnamaldehyde was studied.

Materials and methods
Cinnamaldehyde and chemical derivatives

Chemical derivatives were chosen, having a different
functional moiety, i.e. alcoholic, ester or carboxylic
acid moiety (Table 1, R1), having a different degree of
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Table 1. Chemical structure, solubility and supplier reference for cinnamaldehyde and derivatives (21 compounds in total).

Chemical structure

RS, R1

A
R6
R4 R2
R3
Solubility?
Compound R1 R2 R3 R4 R5 R6 Water Ethanol Reference®
Cinnamyl alcohol CH,0H H H H H H — ++  SA 108197
Ethyl cinnamate C(=0)0CH,CH; H H H H H - +-+  SA 112372
Cinnamaldehyde C(=0H H H H H H — ++  SA, W228605
Hydrocinnamaldehyde® C(=0)H H H H H H — +-+  SA, W288705
o-Amylcinnamaldehyde C(=O0H H H H H CHy(CHy)3CH;  —— ++  SA, W206105
2-Methoxycinnamaldehyde C(=0)H OCH; H H H H - + SA, W318108
2-Nitrocinnamaldehyde C(=OH NO, H H H H — ++ A0, 128610050
4-Methoxycinnamaldehyde C(=0)H H H OCH; H H — + SA, W356700
4-(Dimethylamino)cinnamaldehyde C(=O0H H H N(CHs), H H - — —  SA, 39421
4-Nitrocinnamaldehyde C(=O0)H H H NO, H H - — — SA, 74115
Cinnamic acid COOH H H H H H —— ++  SA, (80857
oi-Methylcinnamic acid COOH H H H H CH; — ++  SA, M35606
2-Hydroxycinnamic acid COOH OH H H H H — ++  SA, H22809
2-Nitrocinnamic acid COOH NO, H H H H - + SA, N16401
4-(Dimethylamino)cinnamic acid COOH H H N(CHs), H H —— — — SA, 218979
4-Methoxycinnamic acid COOH H H OCH; H H — ++  SA, M13807
4-Nitrocinnamic acid COOH H H NO, H H —— + SA, N16428
4-Hydroxy-3-methoxycinnamic acid (ferulic acid) COOH H OCH; OH H H - +-+  SA, 128708
3,4-Dihydroxycinnamic acid COOH H OH OH H H —— ++4+  SA, C0625
(caffeic acid)
3,5-Dimethoxy-4-hydroxy-cinnamic acid (sinapic acid) COOH H OCH; OH OCH; H —— + SA, D7927
3,4,5-Trimethoxycinnamic acid COOH H OCH; OCH; OCH; H - ++  SA, T70408

a

Belgium); “hydrocinnamaldehyde has the saturated o,-bond.

o,B-saturation (Table 1, only hydrocinnamaldehyde),
bearing substituents on the a-carbon atom (Table 1,
R6); or bearing substituents on the phenyl ring (Table
1, R2-R5). None of the 21 compounds showed a good
solubility in water, whereas most of them were soluble
in ethanol. All compounds were soluble in DMSO and
had a purity > 95%.

In vitro simulations of fermentation in the pig gut

Four series of in vitro simulations of the fermentation
in the pig gut were performed. In the first and second
series, all 21 compounds were tested at pH 5 and 7,
respectively. Based on this screening, 11 compounds
were selected for series 3 and 4. In each of these ser-
ies, both pH 5 and 7 conditions were included. In all
series, compounds were tested at equimolar doses
equivalent to 100 and 400mg cinnamaldehyde per
litre incubation medium, next to a control treatment
without added compound. Within each series, all treat-
ments were run in duplicate. The in vitro simulations
of the fermentation in the pig gut have been
described in detail by Michiels et al. (2009). In brief,
the in vitro batch incubation medium was composed
of 1g of an artificial substrate, 10mL of a buffer
(either pH 5 or 7), 0.5mL of a suspension of fresh pig
gut bacteria (inoculum) and 50 pL of a solution of the
compound in DMSO. The final concentration of DMSO

——: unsoluble; —: slightly soluble; +: moderately soluble; ++: good soluble; bSA: Sigma-Aldrich nv/sa (Bornem, Belgium); AO: Acros-Organics (Geel,

in the incubation medium never exceeded 4.8 mL/L.
The duration of the in vitro incubations was 4 h, allow-
ing an exponential growth of the bacteria. They were
carried out in 50 mL vessels in a shaking warm water
bath (37 °C). For each series of incubations, two piglets
fed a diet without any antimicrobial growth promoter
and weaned for 3-4weeks were euthanised and the
gastrointestinal tract was removed. The contents of
the small intestine were quantitatively collected and
centrifuged (5, 500¢, 5°C). The supernatant that con-
tained a suspension of the luminal bacteria of both
pigs was mixed and used as inoculum. At the end of
the incubation, samples were taken and processed for
bacteriological enumerations based on plating techni-
ques of major groups in the aerobic medium.

Animals, diets and treatments

The study was conducted in accordance with the eth-
ical standards and recommendations for the accom-
modation and care of laboratory animals, covered by
the European Directive 2010/63/EU on the protection
of animals used for scientific purposes and the Belgian
Royal Decree KB29.05.13 on the use of animals for
experimental studies. No ethical approval was required
for this trial as animals were kept under farm practices
without interventions causing harm equivalent to, or
higher than, that caused by the introduction of a
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needle in accordance with good veterinary practice
(2010/63/EU). Hundred and twenty weaned piglets
(Topigs x Piétrain, males and females, weaned on 26 d
of age, 6.68+1.73kg) were assigned to five dietary
treatments. Each treatment was replicated in six pens
of four pigs per pen according to a randomised block
design. Pigs were allocated according to sex and body
weight. Pigs were housed with conventional ventila-
tion, starting ambient temperature of 30°C and
decreased to 27.3°C at d 13. The light schedule was
23L:1D in the first 5d and 16L:8D afterwards (D
period ending before 4 am). The piglets were fed a
diet for weaners (Table 2), including a digestibility
marker (Celite 545 coarse, source of 4 mol/L HCl insol-
uble ash, 1%, Sigma-Aldrich, Bornem, Belgium) and a
masking flavour additive to complement cinnamalde-
hyde’s pungent smell and taste and counter feed aver-
sion (tailor-made; Scentarom nv, Merchtem, Belgium),
but excluding organic acids, exogenous enzymes, and
Zn beyond animal requirements. The dietary treat-
ments were: CO: control, C1: control + 100 mg/kg cin-
namaldehyde; c2: control + 400 mg/kg
cinnamaldehyde; C3: control + 491 mg/kg 2-methoxy-
cinnamaldehyde and C4: control + 491mg/kg 4-
methoxycinnamaldehyde.

The lowest dose, 100mg/kg cinnamaldehyde is
commercially relevant and currently implemented in
pig feed. The higher dose, 400 mg/kg is experimentally
relevant, in order to verify whether there is a dose-
response effect. The latter is of great importance, as
we should strive for an economically feasible com-
pound. The two derivatives were added at an equimo-
lar dose of cinnamaldehyde at the higher dose.
Derivatives 2-methoxycinnamaldehyde and 4-methoxy-
cinnamaldehyde were thus added at an equimolar
dose of cinnamaldehyde at the higher dose, i.e.
400 mg/kg. Regarding cinnamaldehyde, this com-
pound was added to the soybean oil fraction prior to
mixing all ingredients. Utmost care was taken to prop-
erly mix the soybean oil with all ingredients ensuring
homogenous distribution of cinnamaldehyde in the
feed. The two solid derivatives were first finely ground.
Then these derivatives were premixed manually in a
small amount of the basal, before this premix was fur-
ther mixed with the rest of the amount of basal diet
to prepare the respective feeds. The pigs were
weighed at dO, d5 and at the end of the trial, i.e. d12
(BW, kg). For each period (d0-5, d5-12 and total
period, d0-12) average daily growth (ADG, g/d), aver-
age daily feed intake (ADFI, g/d), feed-to-gain ratio
(F:G, g/g), average daily water intake (ADWI, mL/d)
and water-to-feed ratio (W:F, mL/g) were recorded. All

Table 2. Ingredient and calculated and analysed nutrient
composition of basal diet for weaned piglets from d 0 to 13
post-weaning, used in the in vivo trial.

Ingredient composition (g kg~ as fed)

Barley 180.7
Wheat 350.0
Corn 78.2
Soya meal 169.5
Extruded soya meal 47.0
Corn flakes 65.9
Full-fat toasted soya beans 15.6
Potato protein 47
Sugar beet pulp 20.0
Sodium chloride 1.1
L-Lysine HCI 4.1
Limestone 6.6
Soybean oil 4.8
Animal fat 20.0
Monocalcium-phosphate 8.2
DL-Methionine 1.6
L-Threonine 15
L-Tryptophan 0.5
Flavour additive 0.03
Celite 10.0
Vitamin and mineral premix® 10.0

1

Calculated and analysed nutrient composition (g kg™ as fed unless

otherwise stated)

Net energy® (MJ kg™") 9.84
Dry matter® 889
Ash® 67.0
Crude protein© 177
Digestible lysine® 10.5
dMET -+ CYS° 6.2
dTHR® 6.5
dTRY? 22
Ether extract* 52.5
Crude fibre® 40.0
Starch + sugars® 4425

2Vitamin and mineral premix containing vitamins and minerals with soy-
bean meal as carrier. Providing per kg as fed; Vit A, 15,000 IE; Vit D3,
2000 IE; Vit E, 100, mg; Vit K3, 1750, pg; Vit B1, 1470, ug; Vit B2, 8000, pg;
Vit B3, 2,523,500, ug; Vit B6, 4900, ug; Vit B12, 33, ug; Vit PP, 50, mg; folic
acid, 2850, ug; biotin, 200, ug; choline, 500, mg; citric acid, 300, ug; Fe,
150, mg; Cu, 155,mg; Zn, 100,mg; Mn, 50, mg; |, 1.5, mg; Se, 400, ug;
bCalculated values, matrix values from CVB Table (1997), Centraal
Veevoederbureau, Lelystad, The Netherlands; “Analysed values.
dMET+CYS: digestible methionine + cysteined; THR: digestible threo-
nined; TRY: digestible tryptophane.

pigs were checked twice daily for general health dur-
ing the experimental period. Faeces were visually
scored for their consistency through the faecal scoring
system: 1, normal soft formed stool; 2, (bloody) soft
formed sticky faeces; 3, watery, liquid, unformed stool,
(bloody) diarrhoea, wet backsides piglets. In case of
score 3, the number of piglets showing wet backsides
(indicative for diarrhoea) was counted (Van Noten
et al. 2020).

Sample collection

Piglets, one out of each pen with a weight closest to
the average weight of the pen, were sampled either
at d12 (15 piglets) or d13 (15 piglets), without previ-
ous fasting. Piglets were humanely sacrificed by induc-
ing electronarcosis followed by exsanguination. Blood



samples were taken to obtain serum. The abdomen
was immediately opened to collect the digesta and
intestinal sections. The gastro-intestinal tract was
removed and partitioned into the following digesta
sampling sites: stomach (M), 3m of small intestine dis-
tal to the pylorus (SI1), small intestine from 1 to 4m
proximal to ileo-cecal valve (SI2), 1Tm of the small
intestine proximal to ileo-cecal valve (SI3) and last
20cm of colon (RT). Following measurements were
carried out on samples taken of digesta of M, SI1 and
SI2: pH, weight of fresh digesta (g), bacterial groups
by culturing techniques, short-chain fatty acids (SCFA)
and lactic acid. Digesta of SI3 and RT were pooled per
section and treatment (pooled from six piglets) and
freeze-dried. The dry matter was used to determine
4mol/L HCl insoluble ash and proximate analysis in
order to calculate apparent ileal and faecal digestibility
coefficients. Small intestinal segments at 3 m distal to
pylorus were excised and used for histo-morphology
measurements (segments were flushed with saline and
immersed in formaline).

Chemical, bacteriological and histo-
morphological analyses

Bacterial counts (viable counts; log,o CFU/g fresh sam-
ple) in samples of in vitro simulations and digesta of
M, SI1 and SI2 of the in vivo trial were done using the
ring-plate technique (Vanderheyde 1963). Serial 10-
fold dilutions were made from 1g aliquots of fresh
material, using a sterilised peptone solution (1g pep-
tone + 0.49g agar + 8.5g NaCl in 1L aq. dest.) and
plated onto selective media in duplicate. Selective
media were used for counting the following bacterial
groups: total anaerobic bacteria (Reinforced Clostridial
Agar, CM0151, Oxoid, Basingstoke, UK 4 0.001% hae-
min; incubated for 48h at 37°C under 90% N, and
10% CO,), coliform bacteria (Eosin Methylene Blue
Agar, CM0069, Oxoid; incubated for 24 h at 37°C aer-
obically), enterococci (Slanetz and Bartley Medium,
CM0377, Oxoid; incubated for 48 h at 37 °C aerobically)
and lactobacilli (Rogosa Agar, CM0627, Oxoid +
0.132% acetic acid; incubated for 48h at 37°C under
90% N, and 10% CO,). The detection limit was 2 log,g
CFU/mL. If no growth was observed, the detection
limit was taken for further processing of data. Bacterial
metabolites were determined in digesta of SI1 and
SI2. SCFA and lactic acid were analysed by a chroma-
tographic (GC) method (Jensen et al. 1995; Missotten
et al. 2009). Diets and freeze-dried samples from SI3
and RT digesta were used to quantify 4mol/L HCI
insoluble ash as an indigestible marker to calculate
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apparent digestibility coefficients (Michiels, Missotten,
Dierick, et al. 2010; Michiels, Missotten, Van Hoorick,
et al. 2010). Analyses of dry matter, ether extract,
nitrogen and 4mol/L HCl insoluble ash were per-
formed according to the standard methods as outlined
by Van Nevel et al. (2003). Measurement of the histo-
morphological parameters villus length (V) and crypt
depth (C) and enumeration of intra-epithelial lympho-
cytes (IELs) were carried out as described by Van
Nevel et al. (2003). The acute-phase protein haptoglo-
bine was determined in serum using a commercial kit
(TP801, PhaseTM Range Haptoglobin Assay, Tridelta
Development Ltd, Maynooth, Ireland).

Statistical analysis

In vitro incubation of series 1 and 2 served as the ini-
tial screening for antimicrobial effects of the 21 com-
pounds. Data from series 1 (only the 11 selected
compounds, pH 7), 2 (only the 11 selected com-
pounds, pH 5), 3 (pH 5 and 7) and 4 (pH 5 and 7)
were used for ANOVA for the two pH levels separately
(SPSS Statistics version 25.0 program; SPSS Inc,
Chicago, IL). Between each series, the inoculums dif-
fered, as they were obtained from other pigs.
Therefore, series was taken into account as random
factor. Statistical differences among treatments were
separated by Tukey's test. Alpha level used for signifi-
cance determination was 0.05. All data are presented
as estimated means. The linear model used was: yj =
U+ a; + b + ab; + ¢ + e, whereby: u = overall
mean, a; = fixed effect of compound, b; = fixed effect
of concentration, a;b; = interaction term, ¢, = random
effect of series and gy = error. A hierarchical cluster
analysis for both pH conditions separately of the 11
selected compounds with their antimicrobial profiles
was done with the Ward'’s linkage method based on
Bray-Curtis dissimilarities in R with the hclust function.
In the in vivo trial, pen was considered the experimen-
tal unit for all variables (for physiological variables one
pig was taken from each pen, pen remains experimen-
tal unit). All data were subjected to ANOVA for testing
the effect of treatment and block by using linear mod-
els (SPSS Statistics version 25.0 program; SPSS Inc,,
Chicago, IL). The linear model used was: y;jx = u + a;
+ b, + ab; + &, whereby: u = overall mean, a; =
fixed effect of dietary treatment, b; = random effect of
block, aib; = interaction term and gy = error. Initial
body weight (d 0) was included as covariate for analy-
sing performance data, if significant, and days post-
weaning was introduced as within-factor for evaluat-
ing faeces consistency. Statistical differences among
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Table 3. Antimicrobial effect of cinnamaldehyde and selected derivatives in in vitro simulations of the fermentation in the pig

gut (data are presented as log;o CFU/mL; n = 3),*significantly different from control, p < .05.

Coliform bacteria Enterococci Lactobacilli Total anaerobic bacteria
Compound Concentration (mg/L) pH 5 pH 7 pH 5 pH 7 pH 5 pH 7 pH 5 pH 7
Control 0 4.69 731 5.68 6.92 6.28 6.94 5.38 7.64
Cinnamaldehyde 100 2.55% 4.96* 5.61 7.04 5.88 6.93 5.44 6.60*
400 2.34% 3.50%* 5.27 6.87 5.43%* 6.52 4.99 5.59%*
Hydrocinnamaldehyde 100 3.00* 6.05 5.47 7.16 6.07 711 538 7.00
400 2.64%* 4.37% 5.65 6.96 5.96 7.04 5.39 5.98*
2-Methoxycinnamaldehyde 100 3.31 6.75 5.94 7.08 6.08 6.99 5.46 747
400 2.00%* 4.46* 5.96 6.74 5.76 6.48 4.95 6.18*
2-Nitrocinnamaldehyde 100 3.52 6.96 5.86 6.97 6.22 6.83 532 7.61
400 2.43% 6.11 6.26 6.79 6.42 6.74 5.30 7.03
4-Methoxycinnamaldehyde 100 2.85% 6.75 5.77 6.94 6.14 6.90 5.48 7.24
400 2.00* 3.98* 5.46 6.95 5.70 6.87 5.42 5.61%
4-Nitrocinnamaldehyde 100 2.00* 3.09* 4.92 6.30 4.85* 6.36 4.57* 5.16*
400 2.00%* 2.06* 4.25% 5.89%* 4.52% 5.66* 4.30% 4.68*
2-Hydroxycinnamic acid 100 2.79* 6.97 6.12 6.82 6.10 6.99 5.59 7.82
400 2.13% 6.40 5.37 6.99 5.21% 6.82 470 7.50
2-Nitrocinnamic acid 100 3.24 6.98 5.63 6.84 6.05 6.95 531 7.64
400 247* 6.88 5.45 6.82 5.64 6.62 5.02 7.64
4-Methoxycinnamic acid 100 3.31 7.24 5.74 7.04 6.04 6.63 5.42 7.66
400 2.00%* 6.35 5.69 6.76 5.87 6.43 5.29 7.32
4-Nitrocinnamic acid 100 3.25 7.23 5.68 7.02 5.82 6.61 5.10 7.64
400 2.66* 6.49 5.72 6.56 5.93 6.40 5.09 7.47
3,4,5-Trimethoxycinnamic acid 100 422 6.74 5.83 6.80 6.47 6.60 5.54 7.58
400 2.64%* 6.53 6.00 6.86 5.91 6.82 5.07 7.62
RMSE? - 0.96 1.09 0.42 0.39 037 0.45 0.45 0.70

®RMSE: root mean square error.

treatments were separated by Tukey's test. Alpha level
used for significance determination was 0.05. All data
are presented as estimated means.

Results

Screening for in vitro antimicrobial activities of
cinnamaldehyde and derivates

None of the 21 compounds showed a good solubility
in water, whereas most of them were soluble in etha-
nol. All compounds were soluble in DMSO (Table 1).
At pH 5, all compounds at both 100 and 400 mg/L
showed a moderate reduction of coliform bacteria
(—0.5 to —2 log;g CFU/mL) as compared to control,
except for 3,4-dihydroxycinnamic acid, 4-hydroxy-3-
methoxycinnamic acid and 3,5-dimethoxy-4-hydroxy-
cinnamic acid (data not shown).

The inhibitory activity towards coliform bacteria at
pH 7 was high for cinnamaldehyde, hydrocinnamalde-
hyde, 2-methoxycinnamaldehyde, 4-methoxycinnamal-
dehyde and 4-nitrocinnamaldehyde, mostly only at
400 mg/L; whereas the activity of the other com-
pounds was equal or lower as compared to pH 5.
With regard to Gram-positive enterococci and lactoba-
cilli, only few compounds could consistently reduce
bacterial growth, from which 4-nitrocinnamaldehyde
and 2-nitrocinnamaldehyde (only lactobacilli) had

clearly the highest activity. Other compounds, such as
cinnamic acid -nhanced growth of Gram-positive bac-
teria at both concentrations. Based on these findings,
11 compounds showing the highest inhibitory activity
towards coliforms were selected for additional incuba-
tions and statistical evaluation was done (Table 3).

In vitro antimicrobial activities of 11 selected
compounds and relation to chemical structure

Significant reductions of coliform bacteria as com-
pared to control at pH 5 were found for all selected
compounds at 400 mg/L and for some compounds at
the lower dose of 100mg/L (Table 3). The activity of
substituted aldehydes was largely comparable to the
equivalent acids (e.g. 2-nitrocinnamaldehyde vs. 2-
nitrocinnamic acid, 4-methoxycinnamaldehyde vs. 4-
methoxycinnamic acid) with the exception of the 4-
nitro substituted compounds whereby the aldehyde
was stronger than the acid. The results for the incuba-
tions at pH 7 demonstrate a different trend; i.e. only
the aldehydes could reduce coliform growth as com-
pared to control (p<.05), with the exception of 2-
nitrocinnamaldehyde. The most active compounds
were 4-nitrocinnamaldehyde and cinnamaldehyde
itself. Derivatives substituted at the 4-position had a
higher activity as compared to their analogues substi-
tuted at the 2-position (e.g. 4-methoxycinnamaldehyde
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Figure 1. Hierarchical cluster analysis of 11 selected compounds with their antimicrobial profiles in in vitro incubations at pH 5
(@) and pH 7 (b) with Ward's linkage method based on Bray—Curtis dissimilarities.

vs. 2-methoxycinnamaldehyde); however, this is only
true for aldehydes and not for acids. Inhibitory activity
towards total anaerobic bacteria followed strikingly
the findings for coliform bacteria, however only con-
sistently for pH 7. Based on the antimicrobial spectrum
of the 11 compounds, dendrograms were constructed
based on Bray-Curtis dissimilarity (Figure 1). These
dendrograms confirm the above findings. At pH 5, 4-
nitrocinnamaldehyde appears to have a different anti-
microbial spectrum (i.e. less selective, but highest
activity against coliforms), while cinnamaldehyde, its
methoxy-derivatives and 2-hydroxycinnamic acid clus-
ter because of the high activity against coliforms at
pH 5 and the either or not significant reductions of
lactobacilli at pH 5 and 400mg/L (Figure 1(a)). The
other compounds tend to have only an effect on coli-
forms or were rather weak antimicrobials and cluster
separately. At pH 7, the picture is a clear cut,

discriminating all compounds having no antimicrobial
effect on the one hand and others showing reductions
of coliforms or an even less selective spectrum (4-

nitrocinnamaldehyde) (Figure 1(b)). Strangely, 2-
hydroxycinnamic acid and hydrocinnamaldehyde
switch  clusters when both pH conditions

are compared.

Effect of cinnamaldehyde, 2-
methoxycinnamaldehyde and 4-
methoxycinnamaldehyde on health, performance,
gastro-intestinal bacteriology and histo-
morphology in weaned piglets

No significant differences were found in BW, ADG,
ADFI, F:G, ADWI and W:F between the dietary treat-
ments in any of the monitored periods post-weaning
(Table 4). Serum haptoglobine tended to be different



500 (&) E. VAN LIEFFERINGE ET AL.

Table 4. Effect of cinnamaldehyde, 2-methoxycinnamalde-
hyde and 4-methoxycinnamaldehyde on performance of
weaned piglets from d 0 to 12 post-weaning (n=6) and ileal
and faecal apparent digestibility (n=1 on pooled samples
per treatment).

Treatment
Item 0 1 CQ @ C4 RMSE* p
Performance
Initial BW (kg) 6.65 6.64 6.55 6.65 6.63 0.17 .861
Final BW (kg) 9.47 945 953 942 952 036 .982
ADG (g/d) 237 236 242 233 241 30 982
ADFI (g/d) 318 321 319 301 312 43 930
F:G (9/9) 133 136 1.32 130 1.29 0.10 .679
ADWI (mL/d) 1020 1200 960 940 890 7276 .379
W:F (mL/g) 3.25 3.92 3.02 328 284 1.00 .493
lleal apparent digestibility (%)
Dry matter 68.5 694 67.1 685 689 - -
Organic matter 70.6 716 689 704 705 - -
Crude protein 79.2 793 786 765 803 - -
Ether extract 81.1 819 788 796 774 - -
Faecal apparent digestibility (%)
Dry matter 829 80.8 83.0 815 828 - -
Organic matter 850 829 85.1 835 849 - -
Crude protein 80.2 775 80.7 782 80.8 - -
Ether extract 79.0 77.7 794 782 765 - -

CO0: control; C1: control + 100, mg/kg cinnamaldehyde; C2: control +
400, mg/kg cinnamaldehyde; C3: control + 491, mg/kg 2-methoxycinna-
maldehyde and C4: control + 491, mg/kg 4-methoxycinnamaldehyde.
®RMSE: root mean square error.

BW: Bodyweight; ADG: Average daily gain; ADFI: Average daily feed
intake; F:G: Feed to gain ratio; ADWI: Average daily water intake; W:F:
water to feed ratio.

between treatments. C3 showed a concentration of
1.00 mg/mL, whereas concentrations for the other
treatments ranged between 0.41 and 0.58 mg/mL
(p =.10). Faecal consistency was not affected by treat-
ment (mean values over experimental days were 2.2,
2.0, 2.2, 1.9 and 2.2 for CO, C1, C2, C3 and C4, respect-
ively; p>.05). There were no treatment effects within
a day. No differences were observed in the number of
days during which piglets were showing diarrhoea,
which was highly variable within treatment. Mean val-
ues for treatments were: 4.0, 3.7, 4.0, 3.7 and 4.8 for
Co, C1, C2, C3 and (4, respectively (p>0.05). Mean
faecal consistency and number of piglets showing
diarrhoea were highly correlated across treatments
(r=0.84, p< .001). Table 5 presents the bacterial
counts and metabolites in stomach, SI1 and SI2. No
effects were seen for gastric contents. Abundance of
bacterial groups was neither affected in both seg-
ments of the small intestine. Overall, in all segments
lactobacilli were the predominant group. Lactate levels
in SIT were affected by treatment (p <.05), without
post-hoc differences. It suggests, however, that with
feeding cinnamaldehyde, irrespective of supplementa-
tion levels, these lactate concentrations rose. Villus
height, crypt depth, their ratio, nor number of IELs
were different among treatments (Table 6).

Table 5. Effect of cinnamaldehyde, 2-methoxycinnamalde-
hyde and 4-methoxycinnamaldehyde on bacterial counts
(log10, CFU/g) and metabolites (mmol/g) in digesta of piglets
sampled on d 12 or 13 post-weaning (n =6).

Treatment
Item o a Q2 @ C4 RMSE® p
Stomach
pH 35 40 38 39 35 06 419
Total anaerobic bacteria 7.16 6.94 7.21 7.68 7.09 0.74 .579
Coliform bacteria 410 433 478 446 372 092 .69
Lactobacilli 822 774 798 802 762 049 .281
Enterococci 650 6.74 665 6.60 654 1.04 .996
S
pH 5.6 5.5 5.5 5.7 55 02 272
Total anaerobic bacteria 6.63 640 649 6.09 589 0.61 .244
Coliform bacteria 314 347 299 339 300 106 .886
Lactobacilli 708 6.74 732 662 688 066 .397
Enterococci 528 526 556 495 6.11 111 .527
Acetate 4.1 5.1 35 3.2 5.1 1.8 .284
Lactate 75 117 122 7.8 53 43 044
SI2
pH 69 68 69 67 68 0.2 .59
Total anaerobic bacteria 7.09 6.86 6.96 7.19 6.95 047 .769
Coliform bacteria 437 474 430 512 394 125 584
Lactobacilli 797 759 794 769 774 060 .767
Enterococci 594 6.13 624 572 6.16 143 972
Acetate 74 9.3 76 115 9.2 29 194
Lactate 228 344 189 304 193 107 .115

CO0: control; C1: control + 100,mg/kg cinnamaldehyde; C2: control +
400, mg/kg cinnamaldehyde; C3: control + 491, mg/kg 2-methoxycinna-
maldehyde and C4: control + 491, mg/kg 4-methoxycinnamaldehyde.
®RMSE: root mean square error.

Discussion

Cinnamaldehyde shows a selective antimicrobial
effect, affected by pH and in relation to the
functional group

Apart from 4-nitrocinnamaldehyde, none of the deriva-
tives showed higher antimicrobial potency than cinna-
maldehyde. As previously shown, cinnamaldehyde
showed a strong effect towards coliforms and hardly
affected other groups of bacteria (Michiels et al. 2007).
The greater hydrophobicity of the Gram-negative E.
coli surface may explain its relative sensitivity to cinna-
maldehyde compared to enterococci and lactobacilli,
which are both Gram-positive bacteria. Hydrophobicity
facilitates the interaction of the aromatic compound
with the membrane (Gill and Holley 2006).
Contradictory, Wei et al. (2011) found that cinnamalde-
hyde was more active against Gram-positive bacteria
(Bacillus subtilis) compared to Gram-negative bacteria
(E. coli). They ascribed this effect to the significant dif-
ferences in the outer layers of Gram-negative and
Gram-positive bacteria. Gram-negative bacteria possess
an outer membrane and a unique periplasmic space
not found in Gram-positive bacteria (Nikaido 1996;
Duffy and Power 2001). At neutral pH, cinnamalde-
hyde caused an effect on total anaerobic bacteria,



Table 6. Effect of cinnamaldehyde, 2-methoxycinnamalde-
hyde and 4-methoxycinnamaldehyde on histo-morphology of
small intestine and IEL per 100 enterocytes at 3m distal to
pylorus of piglets sampled on d 12 or 13 post-wean-
ing (n=6)%.

Treatment
Item 0 C @ @G 4 RMSE® »p
Villus height (um) 652 650 647 649 656 87 846

Crypt depth (um) 237 245 253 236 229 18 227
Villus height/crypt depth 276 267 257 267 290 045 769
IEL (100*/um of villus height) 4.2 47 47 45 48 04 832

C0: control; C1: control + 100,mg/kg cinnamaldehyde; C2: control +
400, mg/kg cinnamaldehyde; C3: control + 491, mg/kg 2-methoxycinna-
maldehyde and C4: control + 491,mg/kg 4-methoxycinnamaldehyde;
PRMSE: root mean square.

which is mainly an effect of the reduction in coliforms,
since binary fission is generally more rapid in coli-
forms. Coliform bacteria have shorter generation times
and grow well in rich media, like the incubation
medium used. Considering pH, both aldehydes and
acids showed in general a higher activity in more
acidic environment, for which the effect of 4-nitro-sub-
stituted aldehydes was higher compared to the corre-
sponding acid. Regarding the aldehydes, the acidic
environment promotes Schiff-base formation, com-
pounds which are shown to be antimicrobial (Matar
et al. 2015). Regarding the acids, studies showed that
the antimicrobial effect of organic acids towards E. coli
was pH-dependent, with lower pH values increasing
the activity of the acids since a larger proportion of
the acid is undissociated (Herald and Davidson 1983).
Undissociated organic acids are lipophilic and can dif-
fuse easier across the cell membrane. Once in the bac-
terial cell they dissociate at the pH of the cytoplasm
causing metabolic uncoupling (Skfivanova and
Marounek 2007). At neutral pH, a different trend was
seen; i.e. only the aldehydes could reduce coliform
growth as compared to control, with the exception of
2-nitrocinnamaldehyde.

The position of the nitro group affects the
antibacterial properties

Compared to cinnamaldehyde, 4-nitrocinnamaldehyde
showed a stronger effect towards all bacterial groups.
Adding electron-withdrawing groups (halogens or
nitro groups) on the aromatic ring of cinnamaldehyde
may increase the antimicrobial properties. Results are
in line with Song et al. (2014), who demonstrated that
higher antimicrobial activity was found by introducing
a nitro group on the aromatic ring of cinnamaldehyde.
Also, 4-nitrocinnamaldehyde showed a lower biofilm
inhibitory concentration and higher quorum sensing
inhibition towards Gram-positive bacteria, such as
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Streptococcus pyogenes, compared to cinnamaldehyde
(Brackman et al. 2011; Beema Shafreen et al. 2014).
Furthermore, Eder et al. (1991) showed high mutage-
nicity of this compound, in the presence of bacterial
nitroreductase. This effect was highly dependent on
the position of the substituent. As such, genotoxicity
of 4-nitrocinnamaldehyde (para-position) is dramatic-
ally higher compared to the ortho- and meta-isomers.
This might explain the higher antimicrobial activity of
4-nitrocinnamaldehyde compared to 2-nitrocinnamal-
dehyde. As outlined above, cinnamaldehyde is particu-
larly effective against coliform bacteria which are
mainly present in the distal small intestine. This spe-
cific activity can result in a shift in the microbial ecol-
ogy in favour of lactic acid-producing bacteria and a
reduction of the number of (pathogenic) coliform bac-
teria. On the contrary, 4-nitrocinnamaldehyde does
not exhibit this specific activity towards coliforms, and
is therefore less compelling as an antimicrobial agent
in pigs. Indeed, the commensal bacteria in the intes-
tine, including Lactobacillus spp., play important roles
in preventing the colonisation of pathogens through
competitive exclusion and excretion of bacteriocins
capable of bacterial lysis (Vieco-Saiz et al. 2019). Also,
nitro-aromatic compounds are known for their muta-
genic and carcinogenic properties, which has been
shown in different studies (Chiu et al. 1978; Kovacic
and Somanathan 2014). Therefore, this compound was
not selected for the in vivo study.

2-Methoxycinnamaldehyde, 4-
methoxycinnamaldehyde and
hydrocinnamaldehyde show a specific
antibacterial effect towards coliforms

Overall, aldehydes showed a higher antibacterial activ-
ity as compared to the acids. These effects are very
likely due to an alteration in the function of mem-
brane-associated proteins, which seems to be exerted
mainly at the cell surface. The capability to penetrate
the outer layer of cells and elicit a gross perturbation
of the lipidic fraction of plasma membranes can help
to explain their higher antibacterial activity compared
to acids (Trombetta et al. 2002). Introducing an elec-
tron-donating group (e.g. methoxy group) on the aro-
matic ring of cinnamaldehyde may result in a
compound with less antimicrobial activity (Song et al.
2014). However, this also decreases the Michael add-
ition potential and concomitant reactivity and will
result in less binding with endogenous proteins in pig-
lets, such as TRPA1. This was shown by Lieder et al.
(2020), as they hypothesised that the change in the
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steric profile of the compound would be responsible
for the lower affinity for TRPA1. Furthermore, they
suggested that the ability to activate TRPA1 is associ-
ated with the ability to permeate the cell membrane
(of the host organism). Since introducing additional
groups might result in steric hindrance, this could also
affect the potential to interact with the bacterial cell
membrane and explain the lower antimicrobial activ-
ity. The position of the substituted group seems to
affect the antibacterial properties of the compound.
Adding a methoxy group on the 4-position induces a
higher antibacterial effect towards coliforms at pH 5
compared to the substituent on the 2-position. In gen-
eral, substituents on the para-position seem to be
more effective compared to the ortho-position.
Surprisingly, hydrocinnamaldehyde, which has a satu-
rated o,pf-bond, showed similar inhibiting effects
towards coliforms to cinnamaldehyde, at the highest
concentration and both pH’s. However, other findings
show that hexanal and nonanal, as saturated alde-
hydes, do not exhibit significant antibacterial activity,
while most unsaturated aldehydes have a broad anti-
microbial spectrum (Bisignano et al. 2001). Moreover,
these authors showed that the di-unsaturated alde-
hyde (EE)-2,4-decadienal appears to be more toxic to
bacterial cells than the corresponding mono-unsatur-
ated aldehyde. Contrary, our results show that remov-
ing the unsaturated bond results in a less potent
molecule compared to cinnamaldehyde, however
without completely masking the antibacter-
ial properties.

The addition of a single or multiple groups on the
aryl ring of cinnamic acid causes variation in
antimicrobial properties

Cinnamic acid is known for its weak antibacterial
effect against most Gram-negative and Gram-positive
bacteria (Chang et al. 2001; Olasupo et al. 2003; Wen
et al. 2003). On the contrary, in the first screening, this
compound enhanced bacterial growth of Gram-posi-
tive bacteria at both concentrations. Adding substitu-
ents on the aryl ring of the acid, such as 4-
methoxycinnamic acid, resulted in potent inhibition of
coliforms at low pH in the highest dose. Other authors
found an equal inhibition towards Gram-negative and
Gram-positive bacteria (Narasimhan et al. 2004;
Nakazono et al. 2005), however, only a significant
inhibition of coliforms was found in our study. In our
study, the Gram-positive bacteria were not signifi-
cantly inhibited by this compound. Also, the natural
phenolic 4-hydroxycinnamic acid, also known as p-

coumaric acid, has been found to be more potent
compared to cinnamic acid (Guzman 2014). Our study
confirmed this for its ortho-isomer, since it showed a
potent inhibition towards coliforms at the lowest pH.
However, 2-hydroxycinnamic acid also showed a sig-
nificant reduction of lactobacilli at the highest dose,
which is not beneficial. Caffeic acid (3,4-dihydroxycin-
namic acid), ferulic acid (4-hydroxy-3-methoxycinnamic
acid) and sinapic acid (3,5-dimethoxy-4-hydroxycin-
namic acid) showed the least reduction towards coli-
form bacteria. These naturally abundant cinnamic
acids have been studied for their antimicrobial activ-
ities and they all showed a weak growth inhibition
against Gram-negative bacteria and not towards
Gram-positive bacteria and fungi (Barber et al. 2000;
Olasupo et al. 2003; Zabka and Pavela 2013). Lee et al.
(2001)[AQ4] showed that the growth-inhibiting activity
against E. coli was much more pronounced for 4-
hydroxy-3-methoxycinnamic acid than for 3,4-dihy-
droxycinnamic acid, which indicates that the methoxy
group seems to be essential for growth-inhibiting
activity against E. coli. When multiple substituents are
present, steric hindrance or hydrophobicity might
cause alterations in antimicrobial properties. In gen-
eral, derivatives where only one substituent was
added, showed better activities compared to multiple
substituents.

No significant improvements in animal
performance were observed

Out of all compounds, cinnamaldehyde, 2-methoxycin-
namaldehyde and 4-methoxycinnamaldehyde were
chosen to test the effect on health and performance
in weaned piglets. These latter two compounds, both
constituents of Agastache rugosa, showed a specific
inhibition towards coliforms at both pH’s, which is
most beneficial for the weaned piglet. lleal digestibility
of crude protein and ether extract seemed lower in
feed supplemented with 100mg kg~' cinnamaldehyde
and feed supplemented with the para-methoxy deriva-
tive. Surprisingly, higher supplementation of cinnamal-
dehyde seemed not to result in improved digestibility.
However, it has to be taken into account that digest-
ibility is analysed on pooled samples, without statis-
tical substantiation. In literature, several studies
showing the improved digestibility of energy and
nutrients with the supplementation of essential oils
are registered. For example, weaned pigs fed a diet
supplemented with 0.01% of an essential oil blend
containing thymol and cinnamaldehyde improved
apparent digestibility of dry matter and crude protein



(Li et al. 2012). This effect could be attributable to dif-
ferent factors, such as the enhanced secretion of bile
rich in bile acids, stimulation of digestive enzyme
activities and greater acidification of the gastric con-
tents. Furthermore, the pivotal ability of the stomach
to empty gastric contents into the duodenum seems
to play a key role in this. A plant extract mixture-con-
taining carvacrol, cinnamaldehyde and capsicum oleo-
resin, fed to weaned pigs, increased stomach contents
concomitant to percentage of dry matter, suggesting
an increased gastric retention time (Manzanilla et al.
2004). Fledderus et al. (2007) showed that a 10%
slower gastric emptying rate caused by the inclusion
of 1% carboxymethylcellulose, resulted in an increased
protein hydrolysis in the gastric fraction of the pig.
Above mentioned evidence urged us to hypothesise
that cinnamaldehyde would improve apparent ileal
digestibility, which was not the case here. Especially
since cinnamaldehyde is a known activator for TRPA1
and since it has been shown that TRPA1 activation in
rodents might delay gastric emptying through sero-
tonin release, which in turn can lead to an increased
protein digestion (Doihara et al. 2009; Nozawa et al.
2009). Recently, these channels have been described
in the pig, and their potential to modulate gastric
function has been confirmed (Van Liefferinge et al.
2020). Lieder et al. (2020) showed potent activation of
TRPA1 by cinnamaldehyde, resulting in serotonin
release in a human intestinal cell model. However, the
introduction of an additional methoxy group largely
reduced the serotonin-releasing potential and con-
comitantly decreased the activation of this cation
channel via covalent modification of conserved cyst-
eine or lysine residues within the cytoplasmic N-ter-
minus. Accordingly, supplementing 2-
methoxycinnamaldehyde and 4-methoxycinnamalde-
hyde to the diet, showing less affinity towards TRPAT,
did not result in an effect on gastric emptying and
protein digestion. Furthermore, the application of cin-
namaldehyde and both methoxy derivatives did not
result in an effect on bacterial counts and metabolites
in the digesta of piglets in the current experiment. We
suggest that the lack of in vivo antibacterial and pro-
digestive effect is mainly caused by the fast absorp-
tion in the stomach and the proximal small intestine,
in which mixing with pancreatic juice and bile enhan-
ces the absorption even more (Michiels et al. 2008),
which both affects its antibacterial efficacy and the
ability to regulate gastric emptying. To exert its full
potential, cinnamaldehyde would need to reach the
distal Sl. Therefore, a protection method should be
developed, enabling a controlled and targeted release
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of cinnamaldehyde in this intestinal region of interest.
Regarding the activation of TRPA1 and the regulation
of gastric emptying, the impact of the ‘ileal brake’
mechanism regulating gastric emptying is stronger
than the duodenal brake (Maljaars et al. 2007). Also,
cinnamaldehyde is particularly effective against coli-
form bacteria which are mainly present in the distal SI.

Conclusion

To conclude, apart from 4-nitrocinnamaldehyde, none
of the derivatives showed higher antimicrobial
potency than cinnamaldehyde. The selected com-
pounds 2-methoxycinnamaldehyde and 4-methoxycin-
namaldehyde showed specific inhibiting effects
towards coliforms in vitro, but failed to demonstrate
major positive outcomes in the in vivo trial. Thus,
none of the derivatives outperformed cinnamalde-
hyde. However, and important to mention, administra-
tion of this compound in pig industry should be
closely monitored, since the activation of TRPA1 might
increase satiety and decrease feed intake. To counter
a decrease in feed intake, the implementation of
methoxy-derivatives, displaying lower affinity towards
endogenous protein such as TRPA1 while retaining a
specific antimicrobial profile, might be interesting. This
research provides fundamental knowledge on which
structural features of cinnamaldehyde are important to
exert its antimicrobial effect.
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