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ARTICLE INFO ABSTRACT

Keywords: The effects of cinnamaldehyde microcapsules on the concentration of cinnamaldehyde and its metabolites in
Cinnamaldehyde plasma, urine, and feces, the antioxidant capacity, and the intestinal flora in male C57/BL6 mice were evaluated
Microcapsules by oral administration for 7 weeks. Microencapsulation significantly increased the contents of cinnamaldehyde,
iﬁ?::;i‘:ll:lty cinnamyl alcohol, and methyl cinnamate in plasma and decreased those in urine and feces excretion (p < 0.05).

In addition, microencapsulated cinnamaldehyde improved antioxidant capacity in liver, duodenum, and colon.
Furthermore, 16S rRNA gene sequencing data suggested that microencapsulated cinnamaldehyde significantly
improved the gut microbial richness and diversity, increased the abundance of Bacteroides, Bacteroidetes/Fir-
micutes, unclassified_f Lachnospiraceae, Lactobacillus, and Blautia genera, and decreased in Ruminococcaceae_UCG-
014, Faecalibaculum, norank f Muribaculaceae, and Gordonibacter genera, which was accompanied by the
increased contents of butyric acid in feces. Therefore, microencapsulated cinnamaldehyde may increase its
bioavailability and regulate the balance of intestinal flora.

16s rRNA high-throughput sequencing
Short-chain fatty acids

1. Introduction

Cinnamaldehyde is a natural and plant-derived material obtained
from the cinnamon and has been used in food flavors and additive in-
gredients for a long time (Pragyanshu et al., 2016). Cinnamaldehyde has
strong antimicrobial, antioxidant, antidiabetic, and anticancer activities
(Chang, Qin, Wang, Zhang, Yan, & Zhao, 2021; Mohammadzamani,
Khorshidi, Khaledi, Shakerimoghaddam, Moosavi, & Piroozmand,
2020). Accumulating evidence revealed that cinnamaldehyde possesses
in vitro antibacterial property such as Escherichia coli, Salmonella,
Staphylococcus aureus, and Enterococcus (Dunn, Davidson, & Critzer,
2016; Mostafa, Hammoda, Elsaygh, & Abdelwahab, 2017). However,
Lactobacillus sp. abundance was not detected and the abundance of po-
tential beneficial bacteria, including Bifidobacteria, Roseburia sp., and
Akkermansia muciniphila, were not increased in mice fed with cinna-
maldehyde (Pratap et al., 2017). According to gut microbiota’s central
role in gut microecology, food, and stress may have an impact on the
microbiota’s ability to affect health and disease (Yang et al., 2020). In

addition, disorders of gut microbiota may disrupt physiological ho-
meostasis, which could result in a series of disorders, including allergy,
metabolic syndrome, irritable bowel syndrome, diabetes, obesity, in-
flammatory bowel disease, cardiovascular disease, and cancer (Andre G
Buret, 2016; Soumen & Giorgio, 2017; Hou et al., 2021). Therefore,
although cinnamaldehyde has strong biological activities, its potential
adverse regulation of intestinal flora may affect health negatively.

On the other hand, when exposed to oxygen, cinnamaldehyde was
easily oxidised to cinnamic acid by the presence of light, temperature,
and other environmental variables (Suryanti, Wibowo, Khotijah, &
Andalucki, 2018). It was highly insoluble in water owing to its lip-
ophilicity (Hill, Gomes, & Taylor, 2013; Benavides, Cortés, Parada, &
Franco, 2016). Therefore, these characteristics may limit the application
of cinnamaldehyde as a bioactive agent. Fortunately, improved stability
and efficacy as well as protection from environmental stress might be
achieved by using micro-encapsulation technology (Azzi, Jraij, Aue-
zova, Fourmentin, & Greige-Gerges, 2018). Encapsulations of cinna-
maldehyde into p-cyclodextrins (f-CDs) has been found to increase their
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stability and in vitro antimicrobial properties and was mainly used for
food preservation (Zou et al., 2021). This may be related to the unique
hydrophobic inner surface of p-CDs, which have the ability to form in-
clusion complexes with cinnamaldehyde via the formation of non-
covalent bond (Shelley & Babu, 2018; Yang et al., 2019). Moreover,
microcapsules had the ability of controlling the release of the capsule
material under certain circumstances (Sanbhal et al., 2018).

Therefore, we presumed that microencapsulation might improve the
bioavailability of cinnamaldehyde and regulate the structure of intesti-
nal flora by changing the phase solubility and controlling the release of
cinnamaldehyde. However, microencapsulated cinnamaldehyde has yet
to be studied in terms of its influence on gut flora. Cinnamaldehyde was
encapsulated using $-CDs in this study. The contents of cinnamaldehyde
and its metabolites were assessed in mice administered orally with
microencapsulated cinnamaldehyde. Moreover, gene sequencing 16S
rRNA was utilized for the impact analysis of microencapsulation of
cinnamaldehyde on intestinal flora in mice. This study would provide a
reference for the better application of cinnamaldehyde in functional
foods.

2. Materials and methods
2.1. Reagents and chemicals

China’s Shanghai Titan Scientific Co. 1td (Shanghai, China) provided
the cinnamaldehyde (around 95 %). Trophic Animal Feed High-Tech Co.
Itd. (Nantong, China) was entrusted with the feeds. Nanjing Jiancheng
Bioengineering Institute (Nanjing, China) provided the commercially
diagnostic assay kits including antioxidant biomarker and inflammatory
cytokine mice test kits. Beta-cyclodextrin (purity > 97 %, MW = 1135
Da) was purchased from Seebio Biotech, Inc. (Shanghai, China). Pro-
piophenone was used as the internal standard (IS). Tween-80 and the
other chemicals were of guaranteed reagent grade and purchased from
Sinopharm Chemical ReagentCo,. Itd (Shanghai, China).

2.2. Preparation of cinnamaldehyde microcapsules

Based on Yang et al. (2019) with some modified technique of prep-
aration, the 8.0 g p-CDs was added to 100 mL deionized water at 100 °C
and stirred at the speed of 500 rpm until it was completely dissolved.
Meanwhile, the 5.0 g cinnamaldehyde was added to 16.0 g propanol and
stirred until it was completely dissolved. When the (-CDs solution
dropped to 80 °C, the B-CDs solution was agitated while the cinna-
maldehyde dilution was added drop by drop stirred at the speed of 500
rpm for 2 h to form the cinnamaldehyde microencapsulation emulsion.
For 24 h, this emulsion was kept at 4 °C. In order to create cinna-
maldehyde microcapsules, precipitated microencapsulation was
collected by suction filtering and dried in a convection oven to obtain a
consistent weight. The loading capacity of cinnamaldehyde was 30.2 %.
The powder was sealed in a dry and dark environment for further
application.

2.3. Experimental design

Shanghai Lingchang Biotechnology Co. Itd. (Shanghai, China) pro-
vided 24 male C57/BL6 mice (6 weeks old, 19 + 1 g each). The mice
were kept in a controlled environment, unrestricted water and food
access, and a specified pathogen-free habitat at 60 % relative humidity
and 22 °C with a 12 h light/dark cycle. The mice were split into three
groups (n = 8 per group) after a one-week period of acclimatization: the
control group (the CON group, fed the AIN-93G food), the CIN group
(fed the AIN-93G diet and given cinnamaldehyde by oral administra-
tion), and the MIC group (fed with AIN-93G diet and administered with
cinnamaldehyde microcapsules by oral administration). Selected doses
of cinnamaldehyde were based on our previous work (Supplementary
data). Every of mice was given 0.2 mL of a cinnamaldehyde solution in
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CIN group by oral administration, which included 150 mg/kg of cin-
namaldehyde, 350 mg/kg of CDs, and 0.5 % (w/v) of Tween-80. Every of
MIC group mice received a 0.2 mL suspension of cinnamaldehyde mi-
crocapsules via oral administration, which included an equal quantity of
cinnamaldehyde, p-CDs, and 0.5 % (w/v) Tween-80. Every of mice in the
CON group was administered with 0.2 mL blank suspension (containing
the equivalent amount of §-CDs and Tween-80) by oral administration.
Throughout the tests, all of the mice were grown with unlimited access
to food and water. For seven weeks, their body weights were measured
once each week. The protocol for animal studies was approved by
Shanghai Institute of Technology’s Institutional Animal Care and Use
Committee. Every effort was taken to minimize animal suffering and the
number of animals used in this work, and the National Institutes of
Health’s Care and Use of Laboratory Animals was strictly adhered to for
all animal procedures and experiments.

2.4. The content analysis of methyl cinnamate in plasma, cinnamyl
alcohol, and cinnamaldehyde urine and feces

Fresh urine and feces were collected every 4, 8,12, 18, and 24 h for a
continuous twenty-four hours following oral administration after the
mice were housed in metabolic cages for three days of pre-rearing. Blood
was collected after 2 h-oral administration of cinnamaldehyde or its
microcapsules at the end of experiment. When combined with physio-
logical saline solution (1:2, w/v), feces were added and homogenized.
To dilute urine samples, physiological saline solution (1:5, w/v) was
used. Then, 2500 ng/ml internal standard solution (50 pL) and aceto-
nitrile (500 pL) were added to urine samples (200 pL). A 12000 g
centrifuge was used for 10 min to separate the solution. GC-MS was used
to examine the 1 pL of supernatant. In the same way that urine samples
are processed, plasma samples were as well. For the preparation of the
reserve solutions, acetonitrile was used to dilute each of the three
compounds in the ratio of 100 pg/mL to 0.3 to 30 pg/mL (0.3, 0.6, 0.9,
1.2, 1.5, 2, 5, 10, 20, 30 pg/mL) as working solutions for linear exper-
iments. The samples were stored at —80 °C to avoid light. The content of
each substance was detected by GC-MS. ARTX-WAX column (Shimadzu,
30 m x 0.25 mm x 0.25 pm film thickness, Japan) was used. The
temperature increased by 10 °C/min from 50 °C to 160 °C in 1 min, and
then by 20 °C/min to 280 °C in 1 min. Carrier gas helium was employed
and flow rate was 1.0 mL/min at all times. The ion source and trans-
mission cable were at both 250 °C. 70 eV electron collision ionization
mode was used for ionization, with chosen ion monitoring for detection.
In order to investigate all three at the same time, 92 m/Z, 105 m/Z, and
131 m/Z ions were selected. The spectra obtained from the NIST library
(Shimadzu, Kyoto, Japan) were used for analysis.

2.5. Sample preparation of physiological

Cinnamaldehyde or its microcapsules were administered orally to all
mice fasted overnight and they were sacrificed with ether as anesthesia
two hours later. Eyeballs were removed, and the blood samples were
collected in heparinized tubes. Heparinized blood samples and plasma
samples were separated in a centrifuge running at 1500g for 10 min.
Plasma samples were stored in the refrigerator at a temperature of
—40 °C for the purposes of the subsequent investigation.

Removing and homogenizing 100 mg of the right lobe of liver,
together with the duodenum, and the distal colon, was completed
immediately. The supernatant was collected in a 2 mL tube after
centrifugation at 4200g for 15 min at 4 °C separated the homogenate.
Until further research, they were maintained at —40 °C.

2.6. Oxidative stress and biochemical assays biomarkers
Inflammatory cytokines and biochemical assays for biomarkers in

the plasma including the tumor necrosis factor-o (TNF-a), interleukin-6
(IL-6), aspartate aminotransferase (AST), and alanine aminotransferase
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(ALT). In order to determine the antioxidant capacityies in tissue sam-
ples, the activities of total superoxide dismutase (T-SOD), total antiox-
idant capacity (T-AOC), the reduced glutathione (GSH), and catalase
(CAT) and MDA concentration were measured. All the samples were
measured according to the manufacturer’s instructions of commercial
diagnostic kits.

2.7. Illumina MiSeq sequencing for gut microbiota of fecal sample and the
contents of short-chain fatty acids (SCFAs) in the samples

Feces samples were stored at —80 °C until further analysis. The
Qiagen QIAamp Fast DNA Stool Mini Kit was used in accordance with
the manufacturer’s instructions to extract DNA samples from the frozen
feces and detect them using 1 % agarose. The V3-V4 region of the 16S
rRNA gene was amplified using Polymease Chain Reaction (PCR), and its
sequence was determined using Illumina high-flux technology by
Shanghai Majorboi Bio-pharm Technology Co. Ltd. in Shanghai, China.
Prior to sequencing on an Illumina Miseq PE300 platform, the amplicons
were purified using an AxyPrep DNA gel extraction kit (Union City,
USA), and quantified using a Promega Quantifluor ST fluorometer
(Madison, USA).

Feces samples were tested for the presence of SCFAs in accordance
with a modified technique (Nakajima et al., 2017). The ether layers
containing SCFA were collected, combined, and evaluated using a GC/
MS-TQ8040 in this study (Shimadzu, Kyoto, Japan). SCFAs concentra-
tions in fecal samples were measured by using the standard external
method.

2.8. Statistical analysis

SPSS 22.0 (IBM SPSS, USA) with significant criteria was used to
evaluate the data of physiological, biochemical indicators (ANOVA),
and Duncan’s multiple range tests. At p < 0.05, differences were judged
significant, while p < 0.01 was regarded highly significant. Mean +
standard deviation (SD) was used to represent all data.

The Majorbio Cloud Platform’s free online platform (www.majorbio.
com.) was used for the microbiological analysis. For the operational
taxonomic units (OTUs) analysis, sequences having a similarity to
sample sequences of at least 97 % were chosen using Usearch (version
7.0, available at https://drive5.com/uparse/). Using UCHIME, chimeric
sequences were discovered and removed. The diversity analysis, prin-
cipal coordinates analysis (PCoA), and the examination of the bacterial
taxonomic compositions were then carried out using the acquired OTUs
data. By using one-way ANOVA, the microbiota substantially difference
analysis was obtained. Linear discriminant analysis (LDA) and non-
parametric factorial Kruskal-Wallis sum-rank test was used to find the
LEfSe multistage species difference discriminant analysis (LEfSe).

3. Results and discussions

3.1. Body weight, plasma biochemical parameters, and oxidative stress
biomarkers

During the experimental period, the average body weight was
increased in all groups, while in Table 1, p > 0.05, there was no statis-
tically significant difference between the three groups. The AST and ALT
activity and TNF-a concentrations in the CIN and MIC groups differed
slightly from those in the CON group (p > 0.05). Additionally, the CIN
group’s IL-6 concentration was significantly higher than that of the CON
group (p < 0.05), according to the study’s findings. It was shown that
patients in the MIC group had significantly lower levels of aberrant IL-6
in their blood (p < 0.05). The changes in inflammatory cytokines cloud
be associated with regulation of intestinal flora.

In the CIN group, CAT activity and GSH content were considerably
higher (p < 0.05), whereas T-SOD activity was lower (p < 0.05), and
MDA content in the liver was significantly lower (p < 0.05), as seen in
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Table 1
The body weight and the plasma AST, ALT, TBA and inflammatory cytokines
levels including TNF-a and IL-6 in mice among CON, CIN and MIC groups.

Group Weight (g) AST (U/ ALT (U/ IL-6 (ng/ TNF-a
t t L L
Initial Final mgprot) mgprot) ) (ng/L)

CON 22.4 + 25.3 40.69 + 22.83 + 215.42 + 51.08 +
1.0° +1.2% 9.58% 4.60° 69.38% 14.217

CIN 22.2 + 24.2 41.04 + 21.30 + 391.44 + 53.61 +
1.22 +1.7% 4.92° 5.61% 125.28" 10.10%

MIC 222 + 24.4 43.37 £ 21.55 + 157.01 + 55.61 +
0.9° +1.2% 8.44% 4.81° 51.57° 12.08%

Note: AST: aspartate aminotransferase; ALT: alanine aminotransferase; IL-6:
interleukin-6; TNF-a: tumor necrosis factor-o. Data are expressed as mean +
SD (n = 8). Values with different superscript letters (a and b) were significantly
differ at p < 0.05.

the tissue oxidative stress data in Table 2. Compared to those in the CIN
group, MIC patients showed a small rise in the activity of CAT in the
liver, a considerable increase in the activity of T-AOC in the liver (p <
0.05), and a significant increase in the GSH content in the liver and colon
(p < 0.05). Consistenting with previous research, cinnamaldehyde
significantly increased the GSH level and the CAT and SOD activities in
plasma and joints of arthritic rats (Mateen et al., 2018). The aqueous
extract of cinnamon decreased MDA level in plasma, indicating that
cinnamon acted in protecting lipids against oxidation (Anderson, 2008).

Intriguingly, in the duodenum, the CIN group had substantially
lower CAT, T-SOD, and T-AOC activity and GSH and MDA concentration
than the CON group (p < 0.05). The MDA levels were also considerably
lower in the MIC group’s duodenal samples than in the CIN group (p <
0.05) in spite of low antioxidant ablity, possibly causing from the
increased bioavailability of cinnamaldehyde to improve exogenous
antioxidant capacity and to inhibit endogenous antioxidant system. In
addtion, MDA was decreased in MIC group’s liver and colon without
significance compared with CIN group, but GSH was significantly
increased (p < 0.05). This is because redox homeostasis maintained by a
complex antioxidants system involves in various mechanisms in the
body (Simicic, Cudalbu, & Pierzchala, 2022). Further, the sudden

Table 2
The antioxidant status in mice among CON, CIN and MIC groups.
Group Liver Duodenum Colon
CAT (U/mg prot) ~ CON 9.56 =+ 2.697 571.12 + 264.14 +
46.91° 22.712
CIN 14.48 + 309.30 + 304.92 +
4,33 65.76" 42.22°
MIC 14.82 + 4.81°  164.21 + 327.87 +
48.73% 17.70°
T-SOD (U/mg CON 938.13 + 520.33 + 107.57 +
prot) 53.65° 53.34° 33.96"
CIN 915.56 + 320.38 + 4413 +
74.71% 50.99" 18.46%
MIC 887.15 + 192.47 + 32.87 + 6.75%
72.05% 19.312
T-AOC (U/mg CON 0.93 £ 0.11% 5.15 + 0.74¢ 1.20 + 0.49?
prot) CIN 0.94 + 0.08? 3.43 +0.33" 1.31 £ 0.182
MIC 1.26 + 0.22° 2.04 + 0.35° 1.37 + 0.42%
GSH (nmol/mg CON 16.51 + 4.77°  226.97 + 66.91 +
prot) 43.96° 21.68%
CIN 41.80 +£8.10° 161.46 + 92.07 +
15.79° 15.51°
MIC 50.82 + 6.38°  82.75 +10.32%  128.83 +
20.67¢
MDA (nmol/mg CON 1.77 + 0.27° 2.46 + 0.48° 1.31 + 0.30°
prot) CIN 1.26 + 0.30° 1.44 + 0.24° 1.28 + 0.40°
MIC 1.21 + 0.532 0.50 + 0.16° 1.22 + 0.25%

Note: CAT: catalase; T-SOD: total superoxide dismutase; T-AOC: total antioxi-
dant capacity; GSH: reduced glutathione; MDA: malondialdehyde. Data are
expressed as mean + SD (n = 8). Values with different superscript letters (a, b
and c) were significantly differ at p < 0.05.
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decrease in the concentration of MDA (Table 2) suggested that duo-
denum may be the target to participate in the redox homeostasis due to
one main position to absorpt nutrients.

3.2. Contents of cinnamaldehyde and its metabolites in blood, feces, and
urine

The plasma concentration of cinnamaldehyde after oral administra-
tion of cinnamaldehyde for 2 h and the cumulative excretion of cin-
namaldehyde in feces and urine is shown in Fig. 1A-C. The MIC group
had substantially greater plasma concentrations of cinnamaldehyde
than the CIN group (p < 0.05). In fact, the CIN group’s cinnamaldehyde
excretion in feces and urine was greater than the MIC groups.

Previous study demonstrated that the cinnamaldehyde and its me-
tabolites, including cinnamyl alcohol and methyl cinnamate, was
determined in the plasma in rats with the oral dose of 125-500 mg/kg
cinnamaldehyde, but the bioavailability was relatively low (Zhao et al.,
2014). As shown in Fig. 1D-I, our data showed that the levels of cin-
namyl alcohol and methyl cinnamate, as metabolites of cinnamalde-
hyde, in plasma and fecal and urinary cumulative excretion were
determined. It was shown that in plasma, the metabolite concentrations
of cinnamaldehyde were greater in the MIC group than the CIN group (p
< 0.05). Cinnamaldehyde and its metabolites, such as cinnamyl alcohol
and methyl cinnamate, were found to be considerably higher in the MIC
group’s plasma than in the CIN group. Cinnamaldehyde, cinnamyl
alcohol, and methyl cinnamate excretion ratios in feces and urine were
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lower in the MIC group than in the CIN group throughout time. These
data suggested that microencapsulation improved the absorption of
cinnamaldehyde, which may improve the bioavailability of cinna-
maldehyde. Several previous studies demonstrated that microcapsules
increased the solubility, stability and in vitro bioaccessibility of encap-
sulated materials and showed a significant sustained release effect
(Bachir, Zafour, & Medjkane, 2018; Qian et al., 2021). Therefore, we
presumed that microencapsulation changed the phase solubility of cin-
namaldehyde and the contact between cinnamaldehyde and intestinal
tract, which may be attributed to high absorption.

3.3. Gut microbiota diversity

The microbial community’s richness and diversity were revealed
using the Alpha diversity study. There was a modest difference in sob
and chao index values between the CIN group and the CON group;
nonetheless, the difference was statistically significant (p < 0.05).
(Fig. 2A, B). Shannon index increased significantly in the MIC group
compared to CON and CIN groups, and Simpson index decreased
significantly (p < 0.05) (Fig. 2C, D). Simpon index and Shannon index
are commonly used in ecology to quantitatively describe the biodiversity
of an area. The larger the Simpson index value, the lower the community
diversity. On the contrary, the larger the Shannon value, the higher the
community diversity. Our data indicated that cinnamaldehyde micro-
capsules increased the gut microbial richness and diversity. The gut
microbial richness and diversity were negatively correlated in the
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occurrence of intestinal diseases (Wen et al., 2022).

As shown in Fig. 2E, the PCoA analysis according to the spearma-
n_approx distance confirmed that the intake of cinnamaldehyde altered
the community structure of the gut microbiota in mice at PC2 (22.37 %).
Significant dissimilarities in the structures of fecal microorganisms were
observed between the MIC group and the other two groups at PC1
(50.47 %) and PC2, indicating that cinnamaldehyde microcapsules had
a more prevailing regulatory impact on the gut microbiota than cinna-
maldehyde. Overall, these results revealed that cinnamaldehyde mi-
crocapsules could affect the structure of gut microbiota.

3.4. Gut microbiota composition

As shown in Fig. 3A, the main intestinal dominant bacteria in each
group were composed of Firmicutes, Bacteroidetes, Actinobacteria, Pro-
teobacteria, and Verrucomicrobia, and Firmicutes and Bacteroides had the
greatest relative abundance (account for 80 %). Although the species did
not change, the abundance of the flora was regulated. The relative
abundance of the phyla Firmicutes and Actinobacteria decreased while

Group name

Food Chemistry: X 15 (2022) 100441

the phylum Bacteroidetes increased in the CIN and MIC group as
compared to the CON group. The MIC group had the most profound
changes in Bacteroidetes/Firmicutes (B/F) ratios, with a greater B/F ratios
in the MIC group than in the CIN or CON groups (Fig. 3B). Bacteroides are
regarded as the primary contributors to the complex homeostasis
maintained by gut microbiota in a healthy condition (Gibiino, Lopetuso,
Scaldaferri, Rizzatti, Binda, & Gasbarrini, 2018) and the increase in the
abundance of Firmicutes was thought to be closely associated with an
unhealthy state (Mitesh, Ansarullah, Ilian, & Helen, 2017). The decline
of Firmicutes and ascend of Bacteroides played a decisive role on the
change of B/F ratio. Therefore, the increased ratio of B/F might repre-
sent a potential benefit to the health (Sun et al., 2022). In addition, the
CIN group had the largest concentration of Verrucomicrobia, whereas the
MIC group had the highest concentration of Proteobacteria.

It was shown that supplementation with cinnamaldehyde micro-
capsules affected the gut microbiota at both the family and genus level
using the LEfSe technique, which analyzed 4 families and 10 genera.
There were 20 intestinal markers in total, with LDA score greater than
2.0 (Fig. 3C). The results showed that Eubacterium brachy_group,

B Firmicutes

Bl Bacteroidetes

Bl Actinobacteria
B Proteobacteria
B Verrucomicrobia
I others

[ 0.2 0.4

0.6
Percent of community abundance on Phylum level

)

0.8

B/F Ratios

CON CIN

MIC

Group name

Fig. 3. Wilcoxon rank-sum test bar plot and analysis of the gut microbiota composition. The phylum-level distributions of the gut microbiota community components
(A). The bar plot displays the variations in relative abundance of the various phyla of gut microbiota in different colors. Using the LEfSe analysis, a taxonomic
cladogram from family to genus was created. (B) The bar plot displays the changes in Bacteroidetes/Firmicutes (B/F) ratios in the three groups.(C)Different colored
nodes reflect species with considerably high relative abundance in the relevant groups, whereas yellow nodes show species with no significantly varied relative
abundance across groups (p > 0.05). The different colors represent various groups. The letters designate the names of taxons that vary significantly across groupings.
The top 15 gut microbiota with noticeably varied genus-level abundances of CON and CIN (D)and CIN and MIC (E) *p < 0.05, **p < 0.01 and ***p < 0.001.
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Fig. 3. (continued).
norank f Erysipelotrichaceae, and Muribaculum genera were enriched in Lachnospiraceae, Peptococcaceae, Rikenellaceae, and Fusobacteriaceae and
the CON group. Erysipelatoclostridium and Gordonibacter genera were genera including Blautia, unclassified_f Ruminococcaceae, nor-
more abundant in the CIN group. These families comprised of ank_f Peptococcaceae, Alistipes, and Fusobacterium were dominant in the
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MIC group.

Furthermore, we used the Wilcoxon rank-sum test to identify sig-
nificant changes in the gut microbiota across groups at the species level
(Fig. 3D, E). According to the findings, the CIN group had considerably
more Ruminoccaceae UCG-014, Lachnoclostridium, and Akkermansia,
whereas Faecalibaculum, Bifidobacterium, and Lactobacillus had a some-
what lower abundance (p > 0.05) than the CON group. Comparing the
MIC group to that of the CIN group, we found that the abundance of
Faecalibaculum, norank-f-Bacteroidales-S24-7-group, Ruminococcaceae
UCG-014, and Gordonibacter was significantly reduced (p < 0.05), while
Bacteroides, Lactobacillus, Family XIII-AD3011-group, Blautia, unclassi-
fied-f-Lachnospiraceae, Ruminiclostridium, and Anaerotruncus were
significantly increased (p < 0.05).

Our data showed that non-microencapsulated cinnamaldehyde
reduced the abundances of certain intestinal probiotics, such as Lacto-
bacillus, suggesting that cinnamaldehyde may disturb the balance of
intestinal flora which may involve inflammatory mechanism. Account-
ing for the addition of cinnamaldehyde increased the IL-6 concentration
compared to CON. On the contrary, microencapsulated cinnamaldehyde
increased the abundances of Lactobacillus accompanying with the
reduced IL-6 levle. As a consequence of the findings, it was concluded
that cinnamaldehyde microcapsules might be used in a broader range of
applications to regulate intestinal flora more effectively.

Our findings also revealed that, as compared to the CIN group, mice
exposed to cinnamaldehyde microcapsules exhibited significantly
higher abundances of the taxa Bacteroides, Lactobacillus, unclassified_-
f Lachnospiraceae, and Blautia. Bacteroides have been shown to have a
variety of beneficial functions, including the ability to intervene in in-
testinal inflammation. These functions included maintaining intestinal
balance by preserving the diversity of the gut microbiota and preventing
inflammation by regulating cytokine production balance (Tan, Zhao,
Zhang, Zhai, & Chen, 2019). Lactobacillus has the benefits of protecting
the integrity of intestinal mucosa and avoiding inflammatory bowel
disease through activation of signaling pathway induced by accelerating
immunocyte secretion (Hou et al., 2018; Milad et al., 2021). The sig-
nificant difference of inflammatory factor IL-6 by cinnamaldehyde and
cinnamaldehyde microcapsules may be related to the regulation of these
intestinal flora in this study.

3.5. Content of short chain fatty acids (SCFAs)

As a result of gut microbiota, SCFAs are one of the most significant
metabolic products. Butyric acid and total SCFAs in feces were consid-
erably lower in the CIN group compared to the CON group (p < 0.05),
whereas the concentrations of acetic acid and propionic acid were
somewhat lower with no significant difference (p > 0.05) compared to
the CON group (Table 3). Propionic acid, butyric acid, and total acid
content in feces in the MIC group were substantially higher than in the
CIN group (p < 0.05). MIC patients had greater levels of butyric acid (p
< 0.05) compared to those in the control group. No significant difference
was seen in the concentrations of acetic acid and propionic acid between
MIC and CON groups (p > 0.05).

Through the synthesis of SCFAs and their vast regulatory roles in the
interaction between bacteria and hosts, the gut microbiota may be able

Table 3
The contents of short chain fatty acids (SCFAs) including propionic acid, butyric
acid, acetic acid and total acid in feces among CON, CIN and MIC groups.

Group SCFAs (pmol/g)

Acetic acid Propionic acid Butyric acid Total acid
CON 16.00 + 1.14* 6.00 + 0.41%® 7.01 £ 0.64° 29.13 + 1.47°
CIN 15.41 + 0.61% 5.78 + 0.21* 6.23 + 0.57% 27.47 + 0.83%
MIC 16.49 + 1.05% 6.50 + 0.66" 7.84 £ 0.52¢ 32.18 + 1.42°

Note: Data are expressed as mean + SD (n = 8). Values with different superscript
letters (a, b and c) were significantly differ at p < 0.05.
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to affect host homeostasis (Blacher, Levy, Tatirovsky, & Elinav, 2017).
The present study showed that cinnamaldehyde microcapsules signifi-
cantly increased the contents of butyric acid reduced by cinnamalde-
hyde, which was the probable reason that encapsulation of
cinnamaldehyde mainly promoted the concentration of instead of pro-
pionic acid compared to the control. This difference was consistent with
the result that cinnamaldehyde microcapsules increased butyric-
producing bacteria. A similar finding was found in the study of Atrac-
tylodeskoreana (Nakai) Kitam, which improved the intestinal butyric
acid level in rats with rheumatoid arthritis by regulating the intestinal
flora that is positively or negatively correlated with butyric acid pro-
duction (Pang, Ma, Xu, Zhang, & Cai, 2021).

Butyric acid is the preferred metabolic substrate for colonocytes and
provides the majority of the energy necessary for their physiological
activity. Several studies had indicated that butyric acid participated in
adipose differentiation and could hydrolyze triglyceride-rich lipopro-
teins, thus, the increase of butyric acid is beneficial to the lipid ho-
meostasis across biological system (Cardona et al., 2018; He & Moreau,
2019). Studies had shown a link between reduced butyric acid content
and gastrointestinal diseases (Zhang, Wang, Zhao, Liu, Wang, & Zhou,
2021). In this study, increased abundances of butyrate-producing bac-
teria, such as Bacteroides, Lactobacillus, unclassified f Lachnospiraceae,
and Blautia, demonstrate that cinnamaldehyde microcapsules may in-
fluence the makeup of the gut microbiota to affect SCFA synthesis.
Therefore, it is important to focus on any possible cinnamaldehyde
microcapsule prevention in conditions brought on by low butyric acid.

Unclassified_f Lachnospiraceae and Blautia had been illustrated to be
instrumental in producing butyric acid and were associated with the
inhibition of intestinal disorders such as IBS (Zhang et al., 2019).
Furthermore, the abundances of Faecalibaculum, norank_f Mur-
ibaculaceae, Ruminococcaceae_UCG-014, and Gordonibacter genera were
clearly lower in the MIC group than in the CIN group. It has been shown
that lowering these microbiotas prevents gut dysbiosis, obesity-related
metabolic problems, and hypertension, enteritis, and other ailments
(Bai et al., 2019; Pei et al., 2019). Therefore, microencapsulation of
cinnamaldehyde may compensate for the potential deficiency of cin-
namaldehyde by altering the regulatory effect of cinnamaldehyde on
intestinal flora. However, further work exploring its related mechanism
is necessary.

4. Conclusions

In summary, the sustained release of cinnamaldehyde microcapsules
could increase the contents of cinnamaldehyde and its metabolites in
plasma and reduce their cumulative excretion ratio. This may be bene-
ficial to increase the bioavailability of cinnamaldehyde. Further,
microencapsulation of cinnamaldehyde increased the ratio of B/F and
the abundance of Lactobacillus and Bacteroides and the contents of
butyric acid in feces. Thus, the supplementation of microencapsulated
cinnamaldehyde could improve the bioavailability of cinnamaldehyde
and regulate the balance of intestinal flora. The results of this research
may help to improve how cinnamaldehyde is used in functional foods.
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