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Purpose: The aim of the present study was to examine the protective effects of cinnamal
dehyde (CA) on type 1 diabetes mellitus (T1DM) and explore the underlying molecular 
mechanisms by using multiple omics technology.
Methods: T1DM was induced by streptozotocin in the mice. Immunostaining was per
formed to evaluate glycogen synthesis in the liver and morphological changes in the heart. 
Gut microbiota was analyzed using 16S rRNA gene amplification sequencing. The serum 
metabolomics were determined by liquid chromatography–mass spectrometry. The relevant 
gene expression levels were determined by quantitative real-time PCR.
Results: CA treatment significantly improved the glucose metabolism and insulin sensitivity 
in T1DM mice. CA increased glycogen synthesis in the liver and protected myocardial injury 
in T1DM mice. CA affected the gut microbiota particularly by increasing the relative 
abundance of Lactobacillus johnsonii and decreasing the relative abundance of 
Lactobacillus murinus in T1DM mice. The glucose level was positively correlated with 88 
functional pathways of gut microbiota and negatively correlated with 2 functional pathways 
of gut microbiota. Insulin resistance was positively correlated with 11 functional pathways. 
The analysis of serum metabolomics showed that CA treatment significantly increased the 
levels of taurochenodeoxycholic acid, tauroursodeoxycholic acid, tauro-α-muricholic acid 
and tauro-β-muricholic acid, taurodeoxycholic acid, taurocholic acid and taurohyodeoxy
cholic acid in T1DM mice. Taurohyodeoxycholic acid level was highly correlated with the 
blood glucose levels. Furthermore, the abundance of Faecalibacterium prausnitzii was 
positively correlated with AKT2, insulin like growth factor 1 receptor, E2F1 and insulin 
receptor substrate 1 mRNA expression levels, while taurohyodeoxycholic acid level was 
negatively correlated with IRS1 mRNA expression level.
Conclusion: Our results indicated that CA may interfere with gut microbiota to affect host 
metabolomics, especially the bile acids, so as to directly or indirectly modulate the expression 
levels of glucose metabolism-related genes, thus subsequently reducing the blood glucose level in 
the T1DM mice.
Keywords: cinnamaldehyde, type 1 diabetes, glucose, insulin, gut microbiota, serum 
metabolomics

Introduction
Diabetes mellitus (DM) is characterized by the insufficient insulin production in the 
pancreas or the body can not effectively utilize the insulin.1 DM represents 
a chronic disease with serious implications, and its prevalence and incidence have 
been rapidly increased.2 It is estimated that the DM-related death rates will 
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increased by one-fold between 2006 and 2025.3 DM can 
be classified into type 1 diabetes mellitus (T1DM) and 
type 2 diabetes mellitus (T2DM).2 T1DM belongs to 
a type of autoimmune disease and is featured by high 
blood glucose levels, which was caused by the insulin 
deficiency or the low sensibility of target organs toward 
insulin.2 Various factors such as inflammation, oxidative 
stress, dysfunction of gut microbiota have been found to 
be associated with the pathophysiology of T1DM;4–6 how
ever, the detailed molecular mechanisms underlying 
T1DM development and progression remain elusive.

Gut microbiota plays an essential role in modulating 
host metabolism, systemic and local immunity.7–9 There is 
growing evidence showing that gut dysbiosis, an imbal
anced microbial communities, is associated with celiac 
disease, obesity, insulin resistance, T2DM, inflammatory 
bowel disease and immune dysfunction.10–12 Recently, 
studies find that gut microbiota involves in the pathophy
siology of T1DM.13–15 However, the role of gut micro
biota in the pathophysiology of T1DM is largely unknown. 
Un-targeted and targeted metabolomics studies have been 
employed to examine the early and late stage changes in 
metabolic profile of patients with T1DM.16 In the animal 
studies, streptozotocin (STZ) induced a variety of meta
bolic changes including metabolites in the citric acid 
cycle, glucose metabolism, choline turnover and amino 
acids.17 The changes of these metabolites have also been 
detected in patients with T1DM. In addition, metabolo
mics have been performed to discriminate T1DM patients 
with early stage kidney disease from those without.18 

Thus, the investigation of metabolomics is of paramount 
importance to uncover the pathophysiology of T1DM.

Cinnamaldehyde (CA) belongs to a type of aldehyde 
and is commonly found in the bark of Cinnamomum 
trees.19 CA has many pharmacological actions including 
anti-cancer, anti-bacteria, anti-oxidant, immunomodula
tion, anti-inflammation and anti-diabetes.19 There is 
growing evidence showing that CA can lower the blood 
glucose levels and has been found to ameliorate strepto
zotocin-induced rat diabetes.20–22 However, the protec
tive effects and underlying molecular mechanisms of CA 
in the T1DM remain elusive. In the present study, we 
examined the protective effects of CA on the STZ- 
induced T1DM in the mice, and profiled the gut micro
biota and metabolic changes in the mice. In addition, 
several key genes associated with T1DM were also ana
lysed to uncover the molecular mechanisms underlying 
CA-mediated protective effects in T1DM.

Materials and Methods
Animals
Animal experiments were performed following the Guide 
for the Care and Use of Laboratory Animals of Ministry of 
Science and Technology, China, and were approved by the 
Ethics Committee of Southern Medical University. The male 
C57 mice (6 weeks old) were purchased from Southern 
Medical University. The animals were kept at 23 ± 1°C, 
~40% relative humidity and a light/dark cycle of 12 h, and 
the animals had free access to food and water. The animals 
were acclimated for at least 7 days before experiments.

STZ-Induced T1DM Model Model and 
CA Intervention
The T1DM mice model was induced by treating the ani
mals with multiple doses of STZ (Sigma-Aldrich, 
St. Louis, USA). Briefly, the animals were fasted over
night, and were intraperitoneally injected with STZ at 
a dose of 150 mg/kg/day (dissolved in 0.1 mol/L citrate 
buffer, pH 4.5) for 3 consecutive days. The normal control 
mice were injected with an equal volume of 0.1 mol/L 
citrate buffer, pH 4.5. To observe the diabetic status of the 
mice, the non-fasting glucose levels from tail blood sam
pling were monitored by a glucose meter (#HEA-231, 
OMRON). T1DM was diagnosed when blood glucose 
levels were >16.7 mmol on 2 consecutive tests.

For the CA treatment, the normal mice and T1DM 
mice were received oral administration of CA or the 
vehicle (0.5% CMC) at 5 weeks after T1DM onset. 
Group A: Normal mice were orally administered with 
0.5% CMC (2 mL/kg/day) for consecutive 7 weeks; 
Group B: Normal mice were orally administered with 
CA (20 mg/kg/day) for consecutive 7 weeks; group C: 
T1DM mice were orally administered with 0.5% CMC 
(2 mL/kg/day) for consecutive 7 weeks; Group D: T1DM 
mice were orally administered with CA (20 mg/kg/day) 
for consecutive 7 weeks.

Oral Glucose Tolerance Tests (OGTTs)
After consecutive 7 weeks CA or vehicle treatment, the 
animals were subjected to OGTTs. Briefly, after fasting 
for 12 h, the animals were orally administered with glu
cose (1.5 g/kg, Sigma–Aldrich). The glucose levels of tail 
vein blood were measured at 0, 30, 60, 90 and 120 min 
after glucose load using a glucometer (#HEA-231, 
OMRON).
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Intraperitoneal Insulin Tolerance Tests 
(IPITTs)
After consecutive 7 weeks CA or vehicle treatment, the 
animals were subjected to IPITTs. Briefly, fasting for 12 h, 
the animals were intraperitoneally injected with insulin 
(0.75 U/kg, Sigma–Aldrich). The blood glucose level 
was measured at 0, 30, 60, 90 and 120 min after glucose 
load from tail at indicated times using a glucometer 
(#HEA-231, OMRON).

Haematoxylin and Eosin (H&E), Masson 
Staining and Periodic Acid–Schiff (PAS) 
for Heart Tissues
A portion of heart tissues was fixed in 10% neutral buf
fered formalin overnight, embedded in paraffin and seri
ally sectioned (4 μm sections). Tissue sections were 
stained with H&E to assess the morphology of the heart 
tissues. For the Masson staining, the sections were stained 
with Masson’s trichrome at room temperature for 2 h. For 
the PSA staining, tissue sections were stained with PAS 
according to the manufacturer’s protocol. The stained sec
tions were imaged under a light microscope.

Analysis of Gut Microbiota
Analysis of gut microbiota was performed using 16S rRNA 
gene amplification sequencing. Briefly, total microbial DNA 
was extracted using a QIAamp DNA stool Minikit (Qiagen, 
Germany). The extracted genomic DNA was PCR amplified 
with barcoded primers (forward primer, 5′-CCT ACG GGA 
GGC AGC AG-3′; reverse primer, 5′-GGA CTA CHV 
GGG TWT CTA AT-3′) targeting the 16S rRNA V3-V4 
region. An equal amount of DNA from each sample was 
pooled and verified using an Agilent 2100 bioanalyzer 
(Agilent, USA). Sequencing was performed using an 
Illumina MiSeq platform at HRK Bio-Tech Co., Ltd. 
(Shenzhen, China). Data processing was performed by 
using the USEARCH (version 10.0.240) program (37) 
with an open-source bioinformatics pipeline described at 
http://www.drive5.com/usearch. We applied the Unoise 
error correction (denoising) algorithm to reconstruct a set 
of correct biological sequences in the reads and generate 
zero-radius operational taxonomic units (OTUs). 
Taxonomic assignment was performed by using the 
Ribosomal Database Project (RDP) classifier. Statistical 
analysis was performed with the Calypso web server. The 
alpha diversity of the fecal microbiome was measured by 
use of the Shannon and Chao1 indexes. The overall 

differences in microbiome structure were evaluated through 
principal-coordinate analysis (PCoA) of a Bray–Curtis dis
tance. BugBase was applied to predict the organism-level 
microbiome phenotypes. The Kyoto Encyclopedia of Genes 
and Genomes (KEGG) ortholog functional profiles of the 
microbial communities were predicted by PICRUSt 
(Phylogenetic Investigation of Communities by 
Reconstruction of Unobserved States) pipeline. The linear 
discriminant analysis (LDA) effect size method (LEfSe) 
was applied to determine the PICRUSt-predicted functions 
that were enriched in the different groups.

Targeted Metabolomics Assay
Targeted metabolomics profiling was performed to mea
sure the concentrations of bile acids in fecal samples of the 
mice with different treatments. Briefly, each accurately 
weighed lyophilized fecal sample (~10 mg) was homoge
nized with 50 μL of water using a Bullet Blender tissue 
homogenizer (Next Advance, Inc., Averill Park, NY). An 
aliquot of 150 μL of acetonitrile containing 9 internal 
standards was added, and the extraction was performed 
using the homogenizer. After centrifugation, 50 μL of each 
supernatant was transferred to a 96-well plate and diluted 
with 150 μL of a mobile phase mixture (mobile phase 
B-mobile phase A [50:50, vol/vol]). The injection volume 
was 5 μL. After centrifugation, 5 μL supernatant was used 
for measurement by liquid chromatography-tandem mass 
spectrometry analysis (LC-TQMS). An Acquity ultraper
formance liquid chromatography (UPLC) system (Waters 
Corp., Milford, MA, USA) coupled with a Xevo TQ-S 
mass spectrometer (Waters Corp., Milford, MA, USA) was 
used to quantitate the BAs. MassLynx software (version 
4.1; Waters Corp., Milford, MA, USA) was used for 
instrument control and data processing. Chromatographic 
separation was achieved with a Waters BEH C18 column 
(particle size, 1.7 μm; 2.1 mm by 100 mm [internal dimen
sions]). The UPLC-mass spectrometry (MS) raw data were 
acquired in negative mode and were processed using the 
TargetLynx application manager (Waters Corp., Milford, 
MA, USA) to obtain calibration equations and the mea
sured concentrations of each bile acid in the samples.

Quantitative Real-Time PCR (qRT-PCR)
Total RNA from tissues was extracted with TRIzol reagent 
(Invitrogen, Shanghai, China) according to the manufac
turer’s protocol. Reverse transcription was performed using 
the PrimeScript™ RT reagent Kit (Takara, Dalian, China). 
Real-time PCR was performed on an ABI7900 PCR 
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equipment (Applied Biosystems, Foster City, USA) using the 
SYBR® Premix Ex Taq™ kit (Takara). The primers for real- 
time PCR were summarized in Table 1. GAPDH was used as 
the internal control for gene expression, and the relative gene 
expression levels were determined by the comparative Ct 
method.

Statistical Analysis
All the data analysis was performed by using the 
GraphPad Prism Software (V7.0, GraphPad Software, La 
Jolla, USA). The in vitro experiments were performed 3 
times with triplicate samples for each individual experi
ment. Data in the animal study were obtained from at least 
5 mice. All the data were expressed as the mean ± standard 
deviation. Unpaired Student’s t-test or one-way ANOVA 
followed by Bonferroni’s post hoc test was used to deter
mine the statistical significance between/among treatment 

groups. The correlation between two parameters were 
evaluated using Spearman correlation test. Statistical sig
nificance was set at P < 0.05.

Results
CA Alleviates the Diabetic Complications 
of T1D Mice
CA treatment had no effects on the body weight of control 
mice; the body weight of the T1DM mice was significantly 
reduced when compared to normal mice, whereas the CA 
treatment partially increased the body weight of the T1DM 
mice when compared to vehicle-treated T1DM mice 
(Figure 1A). CA treatment had no effects on the fasting 
glucose levels in normal mice; whereas the fasting glucose 
levels were significantly increased in T1DM mice, which 
was partially attenuated by the intervention of CA (Figure 
1B). The glucose tolerance test results showed that T1DM 
mice showed increased glucose levels after the glucose 
load when compared to normal mice, and CA treatment 
significantly reduced the glucose levels in T1DM mice 
when compared to vehicle-treated T1DM mice (Figure 
1C). In addition, T1DM mice showed increased insulin 
resistance, which was attenuated by CA treatment 
(Figure 1D).

The glycogen synthesis in the liver tissues was eval
uated by PAS staining. As shown in Figure 1E, the 
glycogen synthesis was markedly impaired in the liver 
tissues from T1DM mice when compared to control mice; 
CA treatment significantly increased the glycogen synth
esis in the liver tissues of the T1DM mice (Figure 1E). 
The H&E staining showed that CA treatment showed 
protective effects on the heart tissues of T1DM mice 
(Figure 1F). Moreover, Masson staining results showed 
that myocardial fibrosis was increased in T1DM mice, 
which was significantly attenuated by CA treatment 
(Figure 1G).

Alpha and Beta Diversity of the Gut 
Microbiota of Mice Subjected to Vehicle 
or CA Treatment
The alpha diversity of gut microbiota was evaluated by 
Shannon index, Chao1, Simpson’s index and Inverse 
Simpson’s index; there is no significant difference in the 
alpha diversity among these treatment groups (Figure 
2A–D). The beta diversity of the gut microbiota was 
evaluated by PCA, PCoA, NMDS and DAPC. As 
shown in Figure 2E–H, the beta diversity of gut 

Table 1 Primers for qRT-PCR Analysis

Genes Sequence (5ʹ–3ʹ)

M-AKT1-F AGGCTCACCCAGTGACAACT

M-AKT1-R GGCCTGTGGCCTTCTCTTTC

M-AKT2-F CGGGCCAAAGTGACCATGAA

M-AKT2-R TGGGCGACTTCATCCTTTGC

M-AMPKα1-F ACCAGCCCACCTGACTCTTT

M-AMPKα1-R TTGGGTCGGCTTTGACTTCG

M-INSR-F GCTCTGTCCGCATCGAGAAG

M-INSR-R AGTGGCAGGACAGTTGGTCT

M-IRS1-F ACCAGGGTGAACCTCAGTCC

M-IRS1-R TCCAAAGGGCACCGTATTGC

M-IL2RA-F TCAGCATCCTCCTCCTGAGC

M-IL2RA-R GGTGAATGCTTGGCGTCTCA

M-E2F1-F CTGGTAGCAGTGGGCCATTC

M-E2F1-R CTGCACCTTCAGCACCTCAG

M-eNOS-F GGCTAGCCACCCTCTCTGAA

M-eNOS-R AACTACCACAGCCGGAGGAA

M-INS1-F TGTTGGTGCACTTCCTACCC

M-INS1-R TCCCAGCTCCAGTTGTTCCA

M-IGF1R-F GGCACAACTACTGCTCCAAAG

M-IGF1R-R TACGGTACTCAGCCTCCTCC
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microbiota between CA-treated normal mice and vehicle- 
treated normal mice is greater than that vehicle-treated 
normal mice and vehicle-treated T1DM mice; the beta 
diversity of gut microbiota of CA-treated T1DM mice 
and vehicle-treated T1DM mice is greater than that 
between CA-treated normal mice and CA-treated T1DM 
mice. These results suggest CA treatment affects the 
composition of the gut microbiota in the T1DM mice.

Comparative Analysis of Gut Microbiota 
in the Mice with Different Treatments
The comparative analysis of the gut microbiota at the phy
lum level was presented as heatmap across different groups 
(Supplemental Figure S1A). The majority of the gut micro
biota was classified as Firmicutes. The abundance of 
Deferribacteres was significantly in the normal mice than 
that in the T1DM mice regardless of treatments 

Figure 1 CA exhibits protective effects in T1DM mice. (A and B) Effects of CA on the body weight (A) and fasting glucose levels (B) of normal and T1DM mice. (C) 
Glucose tolerance test and (D) insulin resistance were measured in normal mice and T1DM mice treated with vehicle or CA. (E) PAS analysis of glycogen synthesis in the 
liver tissues from mice and T1DM mice treated with vehicle or CA. (F) H&E staining of the heart tissues from normal mice and T1DM mice treated with vehicle or CA. (G) 
Masson staining of the heart tissues from normal mice and T1DM mice treated with vehicle or CA. N = 6. *P<0.05. 
Abbreviations: CA, cinnamaldehyde; T1DM, type 1 diabetes mellitus.
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(Supplemental Figure S1B). At the class level, the abun
dance of Clostridia, Betaproteobacteria and 
Deltaproteobacteria was significantly higher and the 

abundance of Gammaproteobacteria significantly lower in 
normal mice than that in T1DM mice, which was not 
affected by CA treatment (Supplemental Figure S2A and 

Figure 2 Alpha and beta diversity of the gut microbiota of mice subjected to vehicle or cinnamaldehyde (CA) treatment. Common indicators including (A) Shannon index, 
(B) Chao1, (C) Simpson’s index and (D) Inverse Simpson’s index were used to measure alpha diversity of gut microbiota in all mice groups. (E) Principal coordinate analysis 
(PCoA) of microbiota based on weighted UniFrac distances. (F) Principal coordinate analysis (PCoA) of microbiota based on weighted UniFrac distances at the OTU level. 
(G) Non-metric multidimensional scaling (NMDS) analysis of gut microbiota based on Bray–Curtis distances. (H) Discriminant analysis of principal components (DAPC) plot 
at OTUs level. Canonical loading plot showing differentially abundant bacterial genera. The individual peaks show the magnitude of the influence of each variable on 
separation of the groups (0.05 threshold level). A = control + vehicle group; B = control + CA group; C = T1DM + vehicle group; D = T1MD + CA group.

https://doi.org/10.2147/DDDT.S288011                                                                                                                                                                                                                               

DovePress                                                                                                                                     

Drug Design, Development and Therapy 2021:15 2344

Zhao et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=288011.docx
https://www.dovepress.com/get_supplementary_file.php?f=288011.docx
https://www.dovepress.com
https://www.dovepress.com


S2B). At the order level, the abundance of 
Betaproteobacteria, Clostridia, Deferribacteres and 
Deltaproteobacteria was significantly higher and the abun
dance of Gammaproteobacteria significantly lower in the 
normal mice than that in the T1DM mice, which was not 
affected by the CA treatment (Supplemental Figure S3A and 
S3B). At the family level, the abundance of Anaerotruncus, 
Oscillibacter, Subdoligranulum, unclassified 
Lachnospiracea, OlsenellaRoseburia, Desulfovibrio, 
Mucispirillum, Faecalibacterium and Prevotella was signif
icantly reduced in the T1DM mice; while CA treatment 
increased the abundance of Clostridiaceae, 
Enterococcaceae, Enterobacteriaceae and 
Bifidobacteriaceae in the T1DM mice, and decreased the 
abundance of Oscillospiraceae, Peptpstreptococcaceae, 
Prevotellaceae and Pseudomonadaceae in normal mice 
(Supplemental Figure S4A and S4B). At the genus level, 
the abundance of Anaerotruncus, Oscillibacter, 
Subdoligranulum, unclassified Lachnospiracea, 
OlsenellaRoseburia, Desulfovibrio, Mucispirillum, 
Faecalibacterium and Prevotella was significantly higher 
in the normal mice than that in the T1DM group (Figures 
3B). CA treatment increased the abundance of 
Parasutterella, Odoribacter and unclassified 
Burkholderiales, but decreased the abundance of Dorea 
and Mucispirillum in normal mice (Figure 3A and B). In 
addition, CA treatment increased the abundance of 
Enterococcus and Enterorhabdus, but decreased the abun
dance of Bacteroides in the T1DM mice (Figure 3A and B).

At the species level, the abundance of 
Anaerotruncus sp G3 2012, Lachnospiraceae bacter
ium 8 1 57FAA, Desulfovibrio desulfuricans, 
Mucispirillum schaedleri, Bacteroides stercoris, 
Alistipes putredinis, Faecalibacterium prausnitzii, 
Eubacterium rectale, Prevotella copri and 
Lachnospiraceae bacterium 3146FAA was significantly 
higher in normal mice than that in T1DM mice (Figure 
3C and D); while the abundance of Bacteroides xyla
nisolvens and Lactobacillus animalis was significantly 
higher in T1DM mice than that in normal mice (Figure 
3C and D). In addition, CA treatment increased the 
abundance of Lactobacillus animalis in both normal 
and T1DM mice; in addition, CA treatment increased 
the abundance of Parasutterella excrementihominis, 
Dorea sp52, Burkholderiales bacterium1147and 
Mucispirillum schaedleri in normal mice and increased 
the abundance of Enterococcus faecalis, Lactobacillus 

reuteri and Enterorhabdus caecimuris in T1DM mice 
(Figure 3C and D). Notably, CA treatment significantly 
decreased the abundance of Lactobacillus murinus in 
the T1DM mice.

Correlation Analysis Between Gut 
Microbiota and Glucose/Insulin Levels
The correlation between glucose levels/insulin resistance and 
gut microbiota/functionals genes of gut microbiota was deter
mined by Spearman correlation analysis. At the genus level, 
the postprandial blood glucose levels and glucose at 120 min 
after glucose load were positively correlated with the abun
dance of Lactococcus, Klebsiella, Escherichia, 
Parabacteroides, Enterococcus, Butyricimonas and Blautia, 
but negatively correlated with the abundance of Odoribacter, 
Faecalibacterium, Parasutterella, Subdoligranulum, 
Burkholderiales_noname, Enterorhabdus, Desulfovibrio, 
unclassified Lachnospiraceae, Eubacterium and 
Oscillibactera (Figure 4A). At the species level, the postpran
dial blood glucose levels and glucose at 120 min after glucose 
load were positively correlated with the abundance of 
Lactococcus garvieae, Escherichia coli, Enterococcus faeca
lis, Butyricimonas synergistica, Lactococcus lactis and 
Ruminococcus torques, but negative correlated with the abun
dance of Lactobacillus johnsonii, Faecalibacterium prausnit
zii, Parasutterella excrementihominis, Burkholderiales 
bacterium 1147, Enterorhabdus caecimuris, Desulfovibrio 
desulfuricans, Lachnospiraceae bacterium 3146FAA and 
Eubacterium plexicaudatum (Figure 4B). Insulin resistance 
was not correlated with the abundance of gut microbiota 
(Figure 4A and B).

In the analysis of functional composition of the meta
transcriptome, great difference in the functional composi
tion of the metabolomics between normal and T1DM 
mice, and heatmap and clustering of all samples based 
on functional composition of the metatranscriptome were 
shown in Figure 4C. CA treatment significantly changed 
the functional composition of the metatranscriptome in the 
T1DM mice (Figure 4C). The correlation analysis showed 
that the postprandial blood glucose levels and glucose at 
120 min after glucose load were positively correlated with 
88 functional pathways and negatively correlated with 2 
functional pathways (Figure 4D). In addition, the insulin 
resistance was negatively correlated with 11 functional 
pathways (Figure 4D).
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Beta Diversity of the Serum 
Metabolomics of Mice Subjected to 
Vehicle or CA Treatment
The beta diversity of serum metabolomics was evalu
ated by PCA, PCoA, NMDS and DAPC. As shown in 
Figure 5A–D, the beta diversity of metabolics between 
vehicle-treated normal mice and vehicle-treated T1DM 
mice is greater than that between vehicle-treated 

normal mice and CA-treated normal mice; the beta 
diversity of metabolics between CA-treated normal 
mice and CA-treated T1DM mice is greater than vehi
cle-treated T1DM mice and CA-treated T1DM mice. 
These results suggest T1DM has a greater impact on 
serum metabolomics than CA. Heatmap clustering of 
the serum metabolomics in the mice was shown in 
Supplemental Figure S5, and a total of 215 serum 
metabolomics were shown.

Figure 3 Comparative analysis of gut microbiota in the mice from all groups. (A) Heatmap of gut microbiota at the genus level in the normal or T1DM mice treated with 
vehicle or cinnamaldehyde (CA). (B) Comparative analysis of gut microbiota abundance at the genus level in the normal or T1DM mice treated with vehicle or CA. (C) 
Heatmap of gut microbiota at the species level in the normal or T1DM mice treated with vehicle or CA. (D) Comparative analysis of gut microbiota abundance at the 
species level in the normal or T1DM mice treated with vehicle or CA. A = control + vehicle group; B = control + CA group; C = T1DM + vehicle group; D = T1MD + CA 
group. *P<0.05, **P<0.01 and ***P<0.001.
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As shown in Figure 6A, the levels of glucose, benzoic 
acid, nonadecenoic acid, 2-hydroxybutyric acid, 3-hydro
xybutyric acid, 3-hydroxybutyrylcarnitine, phenylacetic 
acid, 3-hydroxyisovaleri acid, cholic acid, methylglutaric 
acid, mandelic acid, taurocholic acid, isovalerylcarnitine, 
taurohyodeoxycholic acid, palmitoleic acid and myristo
leic acid were significantly higher, but the aminoadipic 
acid level was lower in T1DM mice than that in normal 
mice (Figure 6A). The pathway enrichment analysis 
showed that glucose-alanine cycle, sphingolipid metabo
lism, galactose synthesis, glycolysis, lactose synthesis, 
lactose degradation and transfer of acetyl groups into 
mitochondria were significantly reduced in the T1DM 
mice when compared to normal mice (Figure 6B). As 
shown in Figure 6C, CA treatment increased the levels 
of myristoleic acid and 3-hydroxybutyric acid, but 
decreased the levels of hydrocinnamic acid and 2-phenyl
propionate in normal mice (Figure 6C). CA had no effects 
on the metabolic pathway in normal mice (Figure 6D). As 
shown in Figure 6E, CA treatment significantly increased 
the levels of taurochenodeoxycholic acid, 

Tauroursodeoxycholic acid, tauro-α-muricholic acid and 
tauro-β-muricholic acid, taurodeoxycholic acid, tauro
cholic acid and taurohyodeoxycholic acid in T1DM mice 
(Figure 6E). CA had no effects on the metabolic pathway 
in the T1DM mice (Figure 6F).

The correlation analysis showed that the postprandial 
blood glucose levels and blood glucose levels at 120 min 
after glucose load were positively correlated with the 
levels of 3-hydroxyisovalerylcarnitine, pentadecanoic 
acid, D-glucose, homocysteine, methylcysteine, eicosadie
noic acid, 2 2-Hydroxy-3-methylbutyric acid, D-fructose, 
linoleic acid and L-valine, but negatively correlated with 
the levels of aminoadipic acid, beta alanine, carnitine, 
erythronic acid, glycine, L-glutamic acid, L-glutamine, 
lysine, myristoleic acid, palmitoleic acid, pyroglutamic 
acid and taurohyodeoxycholic acid (Figure 6G). The insu
lin resistance index was positively correlated with the 
levels of (Z)-nonadec-10-enoic acid, D-ribulose, 
N-acetyl-L-aspartic acid, L-glutamine, docosapentaenoic 
acid (22n 6), oleic acid, ricinoleic acid, pyroglutamic 
acid, 10Z heptadecenoic acid, aminoadipic acid, 

Figure 4 Correlation analysis between gut microbiota and glucose/insulin levels. (A) The correlation between abundance of gut microbiota at genus level and glucose/insulin 
levels were determined by Spearman correlation analysis. (B) The correlation between abundance of gut microbiota at species level and glucose/insulin levels were 
determined by Spearman correlation analysis. (C) Heatmap and clustering of all samples based on functional composition of the metatranscriptome. (D) The correlation 
between functional composition of the metatranscriptome and glucose/insulin levels were determined by Spearman correlation analysis.
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arachidonic acid, 9 pentadecenoic acid and 81,114 eicosa
trienoic acid; but was negatively correlated with the levels 
of phenylacetic acid, benzoic acid, but 2-enoic acid, 
3-hydroxyisovaleric acid, ethylmethylacetic acid, phenyl
glycine and sebacic acid (Figure 6G).

Further analysis revealed that the abundance of 
Escherichia coli, Enterococcus faecalis and Lactococcus 
garvieae were positively correlated with the levels of 25 
metabolomics, but negatively correlated with the levels of 
palmitoleic acid, myristoleic acid, aminoadipic acid and 
taurohyodeoxycholic acid (Figure 6H). In addition, the 
abundance of Helicobacter hepaticus, Burkholderiales 
bacterium 1147, Parasutterella excrementihominis and 

Eubacterium plexicaudatum were positively correlated 
with the levels of palmitoleic acid, myristoleic acid, ami
noadipic acid and taurohyodeoxycholic acid (Figure 6H).

Analysis of Differentially Expressed 
Genes in the Mice Subjected to Vehicle or 
CA Treatment
As shown in Figure 7, there is no significant difference in the 
AKT1, AKT2, interleukin-2 receptor alpha chain (IL2RA) 
and insulin-1 (INS1) mRNA expression levels among differ
ent treatment groups. In terms of AMP-activated protein 
kinase (AMPK), CA treatment only up-regulated AMPK 

Figure 5 Beta diversity of the serum metabolomics of mice subjected to vehicle or cinnamaldehyde (CA) treatment. (A) Principal coordinate analysis (PCoA) of serum 
metabolomics based on weighted UniFrac distances. (B) Principal coordinate analysis (PCoA) of serum metabolomics based on weighted UniFrac distances at the OTU level. 
(C) Non-metric multidimensional scaling (NMDS) analysis of serum metabolomics based on Bray–Curtis distances. (D) Discriminant analysis of principal components 
(DAPC) plot at OTUs level. Canonical loading plot showing differentially serum metabolomics. The individual peaks show the magnitude of the influence of each variable on 
separation of the groups (0.05 threshold level). A = control + vehicle group; B = control + CA group; C = T1DM + vehicle group; D = T1MD + CA group.
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Figure 6 Comparative analysis of serum metabolomics in the mice. (A) Volcano plot and (B) metabolite pathway enrichment analysis of the differential serum metabolomics 
between normal mice and T1DM mice treated with vehicle. (C) Volcano plot and (D) metabolite pathway enrichment analysis of the differential serum metabolomics 
between vehicle-treated normal mice and CA-treated normal mice. (E) Volcano plot and (F) metabolite pathway enrichment analysis of the differential serum metabolomics 
between vehicle-treated T1DM mice and CA-treated T1DM mice. (G) The correlation between serum metabolomics and glucose/insulin levels were determined by 
Spearman correlation analysis. (H) The correlation between serum metabolomics levels and gut microbiota abundance were determined by Spearman correlation analysis. 
Abbreviations: FC, fold change; NS, non-significant; Spearman cor, Spearman correlation.
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mRNA expression in normal mice (Figure 7A). In terms of 
insulin receptor (INSR), CA treatment up-regulated INSR 
mRNA expression in normal mice but not in T1DM mice; the 
expression of INSR was up-regulated in the T1DM mice 
when compared to normal mice (Figure 7A). Moreover, the 
expression of IGF1R and IRS1 was up-regulated in T1DM 
mice when compared to normal mice; whereas CA treatment 
had no effects on the insulin Like growth factor 1 receptor 
(IGF1R) and insulin receptor substrate 1 (IRS1) mRNA 
expression levels (Figure 7A). The mRNA expression of 
E2F1 was up-regulated in T1DM mice when compared to 
the normal mice; whereas CA had no effects on the E2F1 
mRNA expression levels (Figure 7A). In terms of endothelial 
nitric oxide synthase 3 (eNOS), CA treatment only up- 
regulated eNOS mRNA expression in T1DM mice 
(Figure 7A).

As show in Figure 7B, the correlation analysis showed 
that the mRNA expression level of eNOS was negatively 
correlated with the abundance of Dorea sp. 5–2, 
Lactobacillus animalis, Prevotella copri, Klebsiella oxy
toca, Bacteroides xylanisolvens, Bacteroidales bacterium 
ph8, Butyricimonas synergistica. The mRNA expression 
level of IRS1 was negatively correlated with the abun
dance of Eubacterium plexicaudatum, Anaerotruncus sp 
G3 2012, Mucispirillum schaedleri, Faecalibacterium 
prausnitzii. The mRNA expression level of AKT1 was 
negatively correlated with the abundance of 
Lactobacillus gasseri and Lactococcus lactis. The mRNA 
expression level of AKT2 was negatively correlated with 

the abundance of Eubacterium plexicaudatum, 
Anaerotruncus sp G3 2012, Mucispirillum schaedleri and 
Faecalibacterium prausnitzii, and was negatively corre
lated with the abundance of Lactococcus garvieae. The 
mRNA expression level of INS1 was negatively correlated 
with the abundance of Desulfovibrio desulfuricans and 
Lachnospiraceae bacterium 8157FAA, and was positively 
correlated with the abundance of Lactococcus garvieae, 
Bacteroides dorei, Enterobacter aerogenes, Proteus mir
abilis, Lactobacillus reuteri, Weissella cibaria, 
Enterococcus faecalis and Klebsiella pneumoniae (Figure 
7B). Notably, the abundance of Faecalibacterium praus
nitzii was negatively correlated with the mRNA expression 
levels of AKT2, IGF1R, E2F1 and IRS1. The mRNA 
expression level of E2F1 was negatively correlated with 
the abundance of Lactobacillus murinus (Figure 7B).

The correlation between serum metabolomics levels 
and mRNA expression levels were determined by 
Spearman correlation analysis. As shown in Figure 7C, 
the AMPK mRNA expression levels were negatively cor
related with the levels of N-acetyltryptophan, 
N-acetylserine and L-aspartic acid; but was positively 
correlated with the levels of eicosapentaenoic acid, eico
sadienoic acid, docosapentaenoic acid and alpha linolenic 
acid (Figure 7C). The E2F1 mRNA expression level was 
negatively correlated with the levels of N-acetylserine and 
formic acid; but was positively correlated with 3-phenyl
butyric acid level (Figure 7C). The eNOS mRNA expres
sion level was negatively correlated with the levels of 

Figure 7 Analysis of differentially expressed genes in the mice subjected to vehicle or CA treatment. The mRNA expression levels of (A) AKT1, AKT2, IL2RA, INS1, 
AMPK, INSR, IGF1R, IRS1, E2F1 and eNOS in the mice from all groups. (B) The correlation between mRNA expression levels and gut microbiota abundance were 
determined by Spearman correlation analysis. (C) The correlation between serum metabolomics levels and mRNA expression levels were determined by Spearman 
correlation analysis. *P < 0.05 and **P < 0.01. 
Abbreviation: Spearman cor, Spearman correlation.
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citrulline, p-hydroxymandelic acid, ursodeoxycholic acid, 
N-acetyltryptophan and D-xylose; but was positively cor
related with the levels of 5-dodecenoic acid, adipoylcarni
tine, hexanylcarnitine, myristelaidic acid, stearylcarnitine, 
oleylcarnitine-C18-1 and linoleylcarnitine (Figure 7C). 
The IGF1R mRNA expression level was negatively corre
lated with the levels of acetylserine, N-acetyltryptophan 
and formic acid; but was positively correlated with the 
levels of phenylbutyric acid and eicosapentaenoic acid 
(Figure 7C). The IRS1 mRNA expression level was nega
tively correlated with the levels of N-acetylserine, tauro
hyodeoxycholic acid and formic acid; but was positively 
correlated with the levels of azelaic acid, D-fructose, cho
lic acid and mandelic acid (Figure 7C). The AKT1 mRNA 
expression level was negatively correlated with isovaleric 
acid level, and positively correlated with ornithine level 
(Figure 7C). The AKT2 mRNA expression level was 
negatively correlated with the levels of N-acetylserine, 
taurohyodeoxycholic acid, phenylpyruvic acid, palmitoleic 
acid, myristoleic acid, L-glutamic acid, formic acid, gly
cylproline and dodecanoic acid; but was positively corre
lated with phenylacetic acid, methylcysteine, D-fructose, 
cholic acid and mandelic acid (Figure 7C). The IL2RA 
mRNA expression level was positively correlated with 
phthalic acid level (Figure 7C). The INSR mRNA expres
sion level was correlated with the levels of 3-phenylbuty
ric acid, mandelic acid and 4-hydroxybenzoic acid; while 
the INS1 mRNA expression level was negatively corre
lated with the levels of 9-pentadecenoic acid, dodecanoic 
acid, 10Z-heptadecenoic acid, and myristoleic acid; but 
was positively correlated with the levels of 3-hydroxyiso
valeric acid, 3-hydroxyisovalerylcarnitine, 2-hydroxy- 
3-methylbutyric acid, methylcysteine, ortho- 
hydroxyphenylacetic acid, hippuric acid, D-glucose, itaco
nic acid, phenylacetic acid and pentadecanoic acid 
(Figure 7C).

Discussion
In the present study, CA treatment partially restored the 
blood glucose levels and reduced insulin resistance in 
T1DM mice, suggesting the protective effects of CA 
against STZ-induced T1DM. The liver is the key organ 
responsible for glycogen storage and gluconeogenesis, and 
glucose metabolism is regulated by various glucose meta
bolism-related enzymes (glucose-6-phosphatase, glyco
genase, glycogen synthase-3, etc.). During diabetes onset, 
various pathogenic factors affect the activities of enzymes 
related to glucose metabolism and gene expression, 

resulting in glucose metabolism disorder. Therefore, 
restoring the abnormality of glucose metabolism-related 
enzymes is an important strategy to treat diabetes. CA is 
the main active component of cinnamon, which can pro
tect pancreatic islet cells, promote the transport of skeletal 
muscle cell transporter-4 (GLUT-4), and regulate blood 
glucose levels.23,24 CA can significantly reduce the levels 
of fasting blood glucose and fasting serum insulin in mice, 
and can reduce blood lipids and increase liver glycogen 
content,24 which is consistent with our findings. In addi
tion, CA can also improve myocardial function in diabetic 
mice and reduce cardiac fibrosis,23,25 which is in agree
ment with our findings.

Gut microbiota plays an important role in regulating 
insulin resistance and postprandial glucose response.26 In 
human trials, the intake of prebiotics has been shown to 
affect the composition of gut microbiota, change intestinal 
permeability, increase plasma GLP-1 concentration, and 
reduce postprandial glucose level.27 Implantation of lean 
donor fecal preparations can temporarily reduce insulin 
resistance in obese individuals with metabolic 
syndrome.28 A randomized double-blind clinical trial 
found that 136 patients with type 2 diabetes ingestion of 
Lactobacillus acidophilus could maintain insulin sensitiv
ity without systemic inflammation.29 Another study found 
that drinking yogurt containing Lactobacillus acidophilus 
La5 and Bifidobacterium Bb12 for 6 consecutive weeks 
can improve the oxidation and glucose metabolism of 
patients with T2DM.30 Al-Salami et al, found that feeding 
rats with probiotics containing Lactobacillus acidophilus, 
Bifidobacterium lactis and Rhamnobacterium rhamnosus 
can reduce the blood glucose levels of diabetic rats, indi
cating that probiotics stimulate the gut microbiota to pro
duce insulin-promoting peptides and glucagon-like 
peptide-1, thereby reducing blood glucose concentration 
in diabetic rats.31 The administration of Lactobacillus 
johnsonii N6.2 isolated from anti-biodegradation diabetic 
rats can delay or inhibit the onset of T1DM.32 These data 
suggested that gut microbiota are potential factors affect
ing the development of T1DM. These data also support 
therapeutic efforts that try to modulate disease progression 
by changing gut microbiota. A recent study showed that 
fexaramine may activate intestinal FXR and TGR5/GLP-1 
signals through the activation of gut microbiota, thereby 
preventing obesity and related metabolic diseases.33 

Studies also demonstrated that changes in the gut micro
biota could alter the levels of bile acids, which affect the 
metabolism of the host. The present study explored the 
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effects of CA on gut microbiota from normal mice and 
T1DM mice using shotgun metagenomics technology. At 
the lower level of classification (phyla, class, order), the 
gut microbiota of normal mice and T1DM mice are dif
ferent, and the effects of CA were not obvious; at the level 
of family and species, the differences gradually increased 
with significance. The most important findings were that 
Lactobacillus johnsonii was significantly increased after 
CA intervention, especially in T1DM mice, which 
increased by 10.4 times, suggesting that CA exerts its 
protective effects against STZ-induced T1DM via modu
lating gut microbiota.

Studies have shown that deoxycholic acid, especially 
ursodeoxycholic acid, has a variety of beneficial effects 
including (a) increasing the secretion of bile acid, leading 
to changes in bile acid composition and increasing the 
content of bile; (b) inhibiting the synthesis of cholesterol 
in the liver; (c) promoting the formation of liquid choles
terol crystal complexes, which can accelerate the excretion 
and clearance of cholesterol from the gallbladder to the 
intestine; (d) reducing liver fat, increasing liver catalase 
activity, promoting liver glycogen accumulation, and 
improving liver detoxification ability. Recent studies have 
shown that gut microbiota play a key role in regulating 
bile acid biosynthesis and FXR signaling.34 FXR is 
a ligand-activated receptor, which is expressed in liver, 
intestinal epithelium, adipose tissue, kidney, pancreas, sto
mach, gallbladder, macrophages and other tissues.35 It is 
noteworthy that gut microbiota regulates bile acid meta
bolism, which leads to activation of FXR in the liver and 
intestine. Activating FXR can prevent obesity, diabetes, 
fatty liver and other diseases, and improve hyperlipidemia 
and hyperglycemia.36,37 Recent studies have also shown 
that intestinal FXR agonists can inhibit bacterial over
growth, prevent bacterial translocation and epithelial cell 
degradation.38 Studies have shown that a variety of deoxy
cholic acids are antagonists of FXR, including glyurourso
deoxycholic acid (GUDCA) and tauroursodeoxycholic 
acid (TUDCA). In addition, GUDCA inhibits intestinal 
FXR signaling in a way that does not depend on intestinal 
AMPK, and plays a role in improving glucose 
metabolism.39 CA and CDCA are FXR receptor agonists, 
which can activate small heterodimers of FXR in the liver 
and inhibit the expression of sterol 12α-hydroxylase 
(CYP8B1) and bile acid synthesis.40 However, inhibition 
of intestinal FXR can prevent obesity-related metabolic 
dysfunction in mice. Paradoxically, FXR antagonists 
have similar beneficial effects on improving obesity, 

insulin resistance, and reducing non-alcoholic fatty 
liver.41 Our results suggest that CA may improve meta
bolic dysfunction through the gut microbe-deoxycholic 
acid-FXR axis, which may require further investigations.

AMP-activated protein kinase (AMPK) is an evolutio
narily conserved serine/threonine kinase. Its activation can 
cause insulin sensitization and is an ideal therapeutic target 
for diabetes. AMPK disorders exist in animals and humans 
with metabolic syndrome or diabetes. Previous showed 
that CA increased the levels of phosphorylated AMPK 
and phosphorylated acetyl-coenzyme A carboxylase by 
reducing fatty acid synthase (FAS) expression.19 Our 
experimental results found that the CA can increase the 
AMPK expression level in mice, which is consistent with 
previous studies.19 E2F1 participates in metabolic func
tions of pancreas, adipose tissue, muscle and liver. E2F1/ 
E2F2 mutant mice showed severe exocrine pancreatic β- 
cell apoptosis, leading to insulin-dependent diabetes.42 At 
the same time, E2F1 promotes β cell proliferation and 
differentiation, a regulatory endocrine marker PDX-1 
Neurogenin.43 Our experimental results found that cinna
maldehyde can increase the expression level of E2F1 in 
mice, indicating that cinnamon can reduce blood sugar 
levels through targeting E2F1. Through correlation analy
sis, our results showed that the expression of Lactobacillus 
murinus and E2F1 in the intestinal tract was negatively 
correlated, and Lactobacillus murinus was significantly 
reduced after the CA treatment. We speculate that 
Lactobacillus murinus can regulate E2F1 through its meta
bolites, such as organic acids/short-chain fatty acids. In 
fact, some studies have found that butyric acid in short- 
chain fatty acids down-regulated E2F1 expression and 
attenuated the activation of its promoters.44 Insulin-like 
growth factors (IGF) is an active protein peptide substance 
necessary for the physiological action of growth hormone. 
The activation of IGF is mainly mediated by IGF-1 recep
tor (IGF-1R). This study found that IGF-1R increased after 
CA intervention, suggesting that IGF-1-related function 
can be affected by CA. The classic pathway of insulin in 
glucose metabolism is the phosphatidylinositol 3-kinase 
(PI3K)/protein kinase B (AKT) signaling pathway, which 
plays a role in the uptake of glucose by the liver, skeletal 
muscle and adipose tissue.45 This pathway activates the 
PI3K enzyme through the insulin receptor substrates IRS1 
and IRS2. Insulin receptor (INSR) is a transmembrane 
receptor activated by insulin, IGF-1, and IGF-II, and 
belongs to the broad category of tyrosine kinase receptors. 
In terms of metabolism, INSR plays a key role in 
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regulating glucose homeostasis, and its abnormal 
expression has been found to be associated with diabetes 
and cancer. In the insulin signaling pathway, insulin 
induces insulin receptor substrate 1/2 (IRS-1, IRS-2), 
which in turn stimulates the PI3K pathway, leading to 
AKT phosphorylation and glycogen synthase kinase-3 
inhibition; while AKT2 may stimulate other transcrip
tion factors that inhibit gluconeogenesis and glycogen 
accumulation in the liver.46 This study demonstrated that 
CA affects the expression level of IRS1, suggesting that 
CA may improve insulin sensitivity through the PI3K/ 
Akt pathway. Furthermore, we found that the levels of 
taurohyodeoxycholic acid and IRS1 showed a significant 
negative correlation. The levels of taurohyodeoxycholic 
acid and IRS1 both showed an upward trend after CA 
intervention, suggesting that the two molecules may not 
directly interact with each other, but independently reg
ulate glucose metabolism. On the other hand, IRS1 
plays a key role in the coupling of insulin receptors to 
PI3K signaling and the activation of eNOS.47 Previous 
studies have clearly confirmed that a complete biochem
ical pathway including IRS1, PI3K and eNOS can 
explain the physiological role of insulin in stimulating 
nitric oxide production.48 CA treatment increased the 
expression levels of IRS1, PI3K, and AKT2 genes. 
These results suggest that CA may increase expression 
levels of these genes through the insulin signaling path
way (IRS1/PI3K/AKT2 pathway). This study found that 
eNOS expression in T1DM mice increased after CA 
intervention. Combined with the pathological results, 
CA may improve the myocardial function of T1DM 
mice by increasing the expression of eNOS. In addition, 
the expression of eNOS is positively correlated with 
ursodeoxycholic acid, suggesting that there may be 
a correlation between the two mediators.

The present study has several limitations. Firstly, 
though the present study examined the effects of CA on 
gut microbiota and metabolomics in the T1DM mice, the 
detailed molecular mechanisms underlying CA-mediated 
protective effects require further investigation. Secondly, 
the present study demonstrated the beneficial effects of CA 
on the T1DM development, while the toxicity of CA 
should be considered in the future studies. Thirdly, the 
present study only used the STZ-induced T1DM mice 
model, while other T1DM animal model with gene muta
tions should be performed to consolidate the protective 
effects of CA.

Conclusions
In conclusion, through multiple omics techniques, our 
results indicated that CA may interfere with gut microbiota 
to affect host metabolomics, especially the bile acids, so as 
to directly or indirectly modulate the expression levels of 
glucose metabolism-related genes, thus subsequently redu
cing the blood glucose level in the T1DM mice. This study 
provides novel insights into exploring new targets for the 
treatment and control of diabetes based on gut microbiota 
and/or its metabolites.
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