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Abstract: The number of people with metabolic syndrome (MetS) is increasing year by year, and MetS
is associated with gut microbiota dysbiosis. The demand for health supplements to treat or prevent
MetS is also growing. Cinnamomum osmophloeum Kaneh (CO) and Taiwanofungus camphoratus (TC) are
endemic to Taiwan. Both have been shown to improve the symptoms of MetS, such as dyslipidemia and
hyperglycemia. Herein, we investigated the effect of CO, TC and their formulations on diet-induced
obese mice. Male C57BL/6J mice were fed with a high-fat diet (HFD) for 10 weeks to induce MetS.
After that, the mice were fed with HFD supplemented with CO, TC, and various CO/TC formulations,
respectively, for 14 weeks. The changes in physiological parameters and the composition of the
gut microbiome were investigated. The results indicated that CO, TC, and their formulations
effectively reduced hyperglycemia, and tended to alleviate MetS in obese mice. Moreover, we also
observed that CO, TC, and their formulations improved gut microbiota dysbiosis by decreasing
the Firmicutes-to-Bacteroidetes ratio and increasing the abundance of Akkermansia spp. Our results
revealed that CO and TC might have potential for use as a prebiotic dietary supplement to ameliorate
obesity-related metabolic disorders and gut dysbiosis.

Keywords: metabolic syndrome (MetS); Cinnamomum osmophloeum (CO); Taiwanofungus camphoratus
(TC); high-fat diet (HFD); hyperglycemia; gut microbiota

1. Introduction

Metabolic syndrome (MetS) is characterized by at least three of five risk factors, which are obesity,
hypertension, dyslipidemia, insulin resistance, and hyperglycemia. Nowadays MetS is a global
epidemic which increases the risk of developing type 2 diabetes, cardiovascular disease, heart disease,
and stroke [1,2]. The occurrence of MetS is associated with the onset of obesity and type 2 diabetes.
Taking the United States as an example, about 30.2 million adults had type 2 diabetes in 2017; around 1/4
(23.8%) of which are not aware that they have diabetes. Incidence of type 2 diabetes increases with age,
reaching a high of 25.2% among US senior citizens (above 65 years old). Occurrence of prediabetes or
MetS is about three times more [3]. It is recognized that MetS has become the major health hazard in
the modern world.
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Studies conducted on both human and animals have revealed that gut microbiota play
a crucial role in the pathogenesis of MetS. Gut microbiota are the prime regulator of diet
and the development of MetS. Dysbiosis, also known as dysbacteriosis strongly associated with
several metabolic diseases, including diabetes, non-alcoholic fatty liver disease and chronic
inflammatory diseases through modulating nutrients absorbance and energy intake from the foods,
cholesterol metabolism, glucose metabolism and insulin resistance [2,4–6]. Recent studies have been
demonstrated that beneficial gut microbiome, such as Lactobacillus [5], Akkermansia muciniphila [1]
and Bifidobacterium [7] prevents and retard the development of MetS. Conversely, the pathogenic
gut microbiome, including Erysipelotrichaceae [8], Coriobacteriaceae [9], and Streptococcaceae [10] are
consistently associated with the development of MetS, such as diabetes, obesity, systemic inflammation
and cardiovascular diseases. Therefore, regulating the high-fat diet (HFD)-induced dysbiosis of gut
microbiome might be a novel therapeutic strategy for the prevention of MetS and its related diseases.

Cinnamomun osmophloeum Kaneh (CO) is a tree that is endemic to Taiwan. Its most distinguishing
feature is that the composition of the leaf essential oil is similar to that of cinnamon. The leaves of CO
are much sweeter and comparatively more aromatic than its related species growing in the region.
Hussain and colleagues analyzed the leaf composition. Hussain et al. [11] reported that the methanolic
extract of the leaves of CO is the sweetest substance; and it was found that trans-cinnamaldehyde
(1.03% w/w) is responsible for this characteristics and it was estimated that trans-cinnamaldehyde is
approximately 50-times sweeter than that of 0.5% w/v of sucrose solution. Accumulating evidences
suggest that CO leaf essential oils possessed various bioactivities, including anti-bacterial [12],
anti-termites [13], anti-mildew [14], and anti-fungal [15]. In addition to anti-microorganism studies,
the potential application of CO leaves in food supplements is an interesting subject. It was found that
CO leaf essential oils and its major compound, cinnamaldehyde possessed xanthine oxidase inhibitory
and anti-hyperuricemia activities in mice [16]. In addition to essential oils, oral administration
of aqueous leaf extracts of CO reduced total cholesterol, triglyceride and low-density lipoprotein
cholesterol levels in hyperlipidemic hamsters [17].

Taiwanofungus camphoratus (TC; Syn. Antrodia cinnamomea; Antrodia camphorate) is also a unique
and endemic medicinal fungus native to Taiwan. Traditionally, TC has long been used to treat
various human illness, including food and drug intoxication, liver diseases, abdominal pain,
diarrhea, hypertension, skin diseases, inflammation and even though for tumorigenic diseases.
Recent scientific investigations revealed that the pharmacological effects of TC was go far beyond
its original usage, as evidenced by that TC exhibited anti-oxidant, anti-inflammation, anti-microbial,
anti-cancer, anti-aging, immunomodulatory, hepatoprotective and neuroprotective effects in vitro and
in vivo models [18–25].

Since CO and TC possess diverse biological activities, they might also regulate metabolic
syndrome. Furthermore, whether these two materials that are widely sold in the health food market
have a synergistic effect was worth evaluating. Moreover, so far, only TC has been studied for its effect
on the gut microbiota of animals. Therefore, in the present study, the metabolic syndrome regulation
activity of CO, TC, their formulation and their association with modulation of the gut microbiota was
evaluated by using an HFD-induced mouse model.

2. Results

2.1. CO/TC Formulations Attenuated Symptoms of HFD-Induced Metabolic Syndrome

To evaluate the effects of CO/TC formulations on MetS induced by HFD, male C57BL/six mice
(n = six per group) were administrated water (vehicle control), Metformin (clinical drug), or CO/TC
formulations for 14 weeks after 10 weeks of HFD induction. As shown in Figure 1a–e, compared with
the normal diet (ND) group, mice that received HFD had significantly increased body weight (3.23-fold
heavier than ND), epididymal adipose tissue weight (2.67-fold heavier than ND), and mild/moderate
inflammation. However, treatment with metformin (Met) significantly reduced HFD-mediated body
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weight gain (3.18-fold less than HFD), epididymal adipose tissue inflammation. Among the CO/TC
individual or formulation treatment groups, the CO treatment (only intake of CO leaves) significantly
alleviated HFD-mediated body weight gain (1.09-fold less than HFD) (Figure 1b). Although there
was no significant difference in epididymal adipose tissue weight (Figure 1c), most CO/TC treatments
(except High-dose) tended to reduce the inflammation of adipose tissue, but not statistically significant
(Figure 1d,e). To further examine the inhibitory effect of CO/TC treatments, the expression levels
of the main pro-inflammatory factors related to metabolic diseases in adipose tissue also known as
adipokines, including TNF-α, IL-1β and IL-6, were determined by qRT-PCR. Compared with the ND
group, the mRNA expression levels of TNF-α, IL-1β and IL-6 markedly increased in the HFD group,
whereas treatment with metformin significantly inhibited the HFD-induced inflammatory factors
(Figure 1f–h). The data also showed that High-dose group displayed pronounceable activity in reducing
the expression levels of these genes under HFD condition (Figure 1f–h). In particular, compared to the
HFD group, all CO/TC treatments significantly down-regulated the mRNA expression level of IL-6
(Figure 1h). In addition, it is well known that nonalcoholic fatty liver disease is strongly associated
with MetS [26]. Consequently, the effects of CO/TC formulations on hepatic steatosis were examined.
Liver weight of the HFD group increased 1.48-fold over the ND group (Figure 2a), and symptoms
of hepatic lipid deposition were found in the HFD group (Figure 2b–d). As expected, metformin
treatment improved liver pathological changes induced by a high-fat diet in mice (Figure 2a–d).
CO/TC formulations reduced liver weight in high-fat diet induction, although the effects did not reach
statistical significance (Figure 2a). Moreover, the CO/TC formulation was unable to improve fatty
change in liver, but decreased generation of macro-vesicular steatosis (Figure 2b–d).Plants 2019, 8, x FOR PEER REVIEW 4 of 15 
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Figure 2. Effects of CO/TC formulations on hepatic steatosis (n = 6). (a) Liver weight. (b) Fatty change
score of the livers. (c) Fatty change score with macro-vesicles of the livers. (d) Liver microsections
stained with H&E. Data are reported as mean ± SD and analyzed by one-way ANOVA with Tukey
post-hoc test. # p < 0.05 was considered significant for ND vs. HFD. *** p < 0.001 vs. HFD group.
NS, represents no significance difference (p > 0.05).
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2.2. CO/TC Formulations Mitigated HFD-Induced Dysglycemia

It is well known that high cholesterol and dysglycemia are associated with obesity. After HFD
treatment, the levels of total cholesterol (2.5-fold higher than ND) and fasting glucose (1.59-fold
higher than ND) were significantly elevated, and glucose tolerance was also impaired (Figure 3a–d).
However, CO/TC formulations did not significantly decrease the level of total cholesterol, a result
mirrored in the Metformin group (Figure 3a). Notably, the levels of fasting glucose in each of the
CO/TC formula groups were significantly reduced; the CO, Medium-dose and High-dose groups even
performed nearly as well as similar to the Metformin group (Figure 3b). In oral glucose tolerance tests,
the Medium-dose group exhibited a similar effect to the Metformin group, both significantly improved
glucose tolerance in HFD mice. Other test groups also had the same tendency to restore impaired
glucose tolerance in obese mice, although the data were not statistically significant to the HFD group
(Figure 3c,d). Furthermore, there was no significant difference in the levels of BUN and creatinine
between mice that received the CO/TC formulation treatment and ND (Figure 3e,f), indicating that
CO/TC formulas had no effects on kidney function.
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Figure 3. Effects of CO/TC formula on serum biochemical index (n = 6). (a) Total cholesterol. (b) Fasting
glucose. (c) Oral glucose tolerance test and (d) its area under the curve (AUC). (e) Level of blood urea
nitrogen. (f) Level of creatinine. Data are reported as mean ± SD and analyzed by one-way ANOVA
with Tukey post-hoc test. # p < 0.05 was considered significant for ND vs. HFD. *** p < 0.001, ** p < 0.01
vs. HFD group. NS, represents no significance difference (p > 0.05).

2.3. CO/TC Formulations Altered Gut Microbiota Composition in HFD-Fed Mice

An increasing number of studies have confirmed that the development of MetS and related diseases
is strongly associated with the gut microbiota [4,27]. Therefore, the effect of CO/TC formulations



Plants 2020, 9, 383 6 of 13

on gut bacteria was analyzed by 16S rRNA sequencing. α-Diversity of the samples was measured
by observed OTUs and the Shannon diversity index. Observed OTU results represented species
richness and the Shannon index indicated diversity; the higher the number recorded, the higher the
species richness and diversity in the samples. The results revealed that both the OTUs and Shannon
indices of HFD group were significantly decreased by 20.92% and 11.36%, respectively, compared
with the ND group (Figure 4a,b). However, Metformin and all CO/TC treatments groups were unable
to eliminate this effect, Metformin even exacerbated this phenomenon (OTUs: 52.42% lower than
ND, Shannon: 41.97% lower than ND) (Figure 4a,b). Principal co-ordinate analysis (PCoA) of the
weighted UniFrac distance metric illustrated that the bacterial composition in mice cecal contents
clustered according to host diet (high fat diet and normal diet), but was not clearly separated by
CO/TC treatments (Figure 4c). As shown in Figure 4d, the phylum of Firmicutes and Bacteroidetes
accounted for at least 65% in the taxa, especially in the ND group, where they represented up to
85%. After the calculation, the relative abundance of Firmicutes to Bacteroidetes (F/B ratio) in the
HFD group was elevated compared to that of the ND group and High-dose treatment significantly
improved this phenomenon (Figure 4e). Importantly, the relative abundance of Akkermansia in mice
was increased after receiving the CO/TC formulations (Figure 4f), which correlated with an improved
metabolic profile. In addition, the CO/TC formulations also decreased the level of Mucispirillum and
Blautia compared with the HFD group (Figure 4g,h). Both bacteria are linked to obesity and diabetes.
However, the clinical drug, Metformin, displayed better enhancement of the F/B ratio and an abundance
of Akkermansia (Figure 4e,f), and much less presence of Mucispirillum and Blautia (Figure 4g,h).
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assessed by (a) the Shannon index and (b) observed species. (c) Principal co-ordinate analysis (PCoA) of
the weighted UniFrac metric for fecal microbiota. (d) Taxa summary of samples. OTUs were combined
if their deepest taxonomic classifications were identical, and taxa with less than 1% abundance were
combined into ‘Other’. (e) The ratio of Firmicutes to Bacteroidetes. (f) The relative abundances of genus
Akkermansia. (g) The relative abundances of genus Mucispirillum. (h) The relative abundances of genus
Blautia. Data are reported as mean±SD and analyzed by one-way ANOVA with Tukey post-hoc test. #

p < 0.05 was considered significant for ND vs. HFD. *** p < 0.001, ** p < 0.01, * p < 0.05 vs. HFD group.
NS, represents no significance difference (p > 0.05).

3. Discussion

Previous studies have shown that TC can reduce obesity and attenuate hyperglycemia in rodents,
and may act by regulating the composition of the gut microbiota [28–30]. It has also been confirmed
that CO inhibits hyperlipidemia and hyperglycemia [17,31]. However, whether a CO/TC formulation
could enhance MetS regulation activity or not remained unclear. In this study, we used a long-term
diet-induced obese mouse model to evaluate the efficacy of CO/TC formulations on regulating MetS
and their impact on the composition of gut microbiota. We demonstrated that CO/TC formulation
significantly suppressed the level of fasting plasma glucose in obese mice and increased the proportion
of beneficial microbiota in the intestines. However, our results did not show a synergistic effect for the
CO and TC formulation.

It is no surprise that our results are similar to previous studies [17,28–31] showing that both
CO and TC efficiently controlled impaired glucose metabolism and improved hyperglycemia.
However, our results are inconsistent with previous studies in that TC did not inhibit weight
gain or reduce lipid accumulation [28–30]. This might be due to the longer-term high-fat diet induction
experiment (HFD for 24 weeks) in our study. This is much longer than other studies (HFD for 12
weeks) [28,29]. Furthermore, our experimental design made mice obese (HFD induction for ten weeks)
before starting the medication. Thus, we speculate that TC may not have long-term effectiveness in
reducing obesity, and can only prevent, but not treat obesity.

It has been demonstrated that the increased number of adipose tissue mononuclear cells, namely
the pro-inflammatory macrophages are directly proportional to the production of pro-inflammatory
cytokines, also known as adipokines, a phenomenon that contributes to the development of insulin
resistance and type 2 diabetes in obese animals [32]. Increased inflammation and the expression of higher
pro-inflammatory cytokines can be found in the adipose tissues of HFD animals, which are associated
with an increased risk of developing MetS-related complications [33]. In this study, we observed
mild/moderate inflammation in HFD fed mice, which was significantly inhibited by metformin. All the
treatments of CO/TC reduced inflammation in adipose tissues; however, the inhibitory effect was
not statistically significant. Since the TC and CO were potent anti-inflammatory agents, here we
observed that a high dose of CO/TC formulation reduced the mRNA expression of TNF-α and
IL-1β, while all CO/TC treatments groups significantly decreased the mRNA expression of IL-6.
In particular, the inhibitory effect of IL-6 mRNA by a high dose of formulation was highly comparable
with metformin. These results partially explained the anti-inflammatory effect and improvement of
dysglycemia in the obese mice.
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Obesity is usually associated with hepatic steatosis, a condition of ectopic fat deposition in the liver.
Conventionally, it is believed that hepatic steatosis is primarily triggered by imbalanced lipogenesis
and lipid peroxidation, while recent studies postulate that the metabolic communication between the
liver and adipose tissues may play a vital role for the development of hepatic steatosis in the context
of obesity [34]. Indeed, adipose inflammation induced by pro-inflammatory cytokines or adipokines
greatly exacerbated hepatic steatosis in obesity, and suppressing this inflammation can completely
block HFD-induced hepatic steatosis. In this study, we found that an HFD caused an increase in
weight and the fatty change of micro- and macro-vesicles. Treatment with CO/TC inhibited micro- and
macro-vesicles, which correlated with reduced liver weight. However, these inhibitory effects were not
statistically significant. It can be speculated that the anti-inflammatory properties of CO/TC may be
a compensatory mechanism preventing HFD-induced hepatic steatosis.

Adipose inflammation and ectopic lipid deposition are the primary causes of diabetic manifestation
in obesity [34]. Recent studies have shown that adipose tissue-associated pro-inflammatory cytokines
causatively contribute to insulin resistance. Indeed, inhibition of adipose inflammation by blocking
IL-1 improved hyperglycemia and hyperlipidemia [35,36]. In this study, the HFD-fed mice exhibited
an apparent increase in fasting glucose and total cholesterol levels in the circulation. The increased
levels of fasting glucose were significantly inhibited by all the CO/TC treatments, whereas neither
CO/TC treatment nor metformin failed to inhibit the HFD-mediated elevation of total cholesterol levels,
which is in contradiction to previous studies that asserted that TC and CO inhibited total cholesterol
levels in obese mice [28,37].

It is worth noting that our results demonstrated for the first time that CO and CO/TC
formulations changed the composition of gut microbiota, and reduced the F/B ratio in HFD mice.
Many studies have proved that the F/B ratio is associated with obesity and metabolic syndrome [38–40].
Firmicutes gradually increased while Bacteroidetes decreased with increasing obesity, i.e., the F/B ratio
rose. Conversely, a lower F/B ratio was observed in leaner animals. This result is consistent with
previous results found in mushroom-derived prebiotics treatments [28,41]. Furthermore, the relative
abundance of Akkermansia was increased in every CO/TC treatment group. Recent evidence indicates
that some specific bacteria affect the physiology and metabolism of the host and then alter the
development of metabolic disorders. For example, Akkermansia spp. and Bacteroides fragilis play
an essential role in the therapeutic efficacy of Metformin [42,43]. Among the Akkermansia spp.,
Akkermansia muciniphila is known to have numerous health benefits [44]. Everard and colleagues
showed that A. muciniphila treatment reversed metabolic disorders and restored colon mucosal barrier
dysfunction in HFD mice [45]. Moreover, Dao’s group found that A. muciniphila abundance is associated
with blood glucose stability and metabolic health in adults [46]. Furthermore, enriching Akkermansia
spp. through diet or drug supplementation usually improves metabolic parameters [44,47]. This means
that CO/TC may increase the abundance of Akkermansia spp. to exert a beneficial effect. Our study
also found that the relative abundance of Mucispirillum spp. and Blautia spp. were increased in obese
mice and decreased by CO/TC administration. Previous studies have shown that circulating leptin
concentrations are positively correlated with the abundance of Mucispirillum spp. and showed the
highest relative abundance in obese mice [48]. Blautia spp. increases in the overweight phenotype [49].
Moreover, high abundance of Blautia is associated with glucose intolerance and the presence of Blautia
is positively correlated with Type 2 diabetes [50,51]. Our data were consistent with this result and
indicated that CO/TC might suppress Mucispirillum and Blautia colonization in the intestine which may
have a beneficial effect. Taken together, these results suggest that CO/TC and their formulations may
ameliorate HFD-induced MetS by regulating the dysbiosis of gut microbiota in multiple ways.
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4. Materials and Methods

4.1. Preparation of CO and TC Extracts

The leaves of Cinnamomum osmophloeum (CO) were collected in September 2015 from Yunlin
County, Taiwan. The species were identified by Professor Sheng-Yang Wang, and the voucher specimens
were deposited at the Herbarium of the Department of Forestry, National Chung-Hsing University
(Voucher No: T. C. 3). The hot water extract of CO leaves was prepared by the following method: 1 kg
of CO leaves were air-dried, powdered and extracted by boiling with 15 L hot distilled water for 30 min.
Then the filtrates were collected and concentrated by lyophilization, which yields 165 g of CO hot water
extract (COE; yield = 16.5%, w/dry weight of leaves). Solid-state cultured Taiwanofungus camphoratus
(TC) was provided by the R&D Center of Taiwan Leader Biotechnology Corp., Taiwan. Fresh and
air-dried mycelia of TC (400 g) were soaked in ethanol (4 L) for 5 days, then the extract was concentrated
under a vacuum to yield the ethanol extract (TCE; 50 g).

4.2. Animals and Experimental Design

Animal experiments were designed in accordance with the Guidebook for the Care and Use of
Laboratory Animals of the Chinese-Taipei Society of Laboratory Animal Science and approved by
the same society (No. 106-007R). A mouse model of diet-induced obesity was used in this study.
Three-week-old male C57BL/6J mice purchased from BioLASCO Taipei, Taiwan Co., Ltd. and were
housed in individual plastic cages under controlled light conditions (12 h light-dark cycle), with ad
libitum access to food and water. After acclimatization for a week, the mice were randomly assigned
to eight groups (6 mice per group). One group was fed with normal-chow diet (ND, 13.38% of
energy from fat; LabDiet 5001; LabDiet, St Louis, MO, USA) and the other groups were fed with
a high-fat diet (HFD, 60% of energy from fat; TestDiet 58Y1; TestDiet, St Louis, MO, USA) for 10 weeks.
Then, the HFD-fed groups were divided into HFD with administration of water as vehicle control,
HFD plus daily administration of 250 mg/kg/day metformin as a clinical drug control (Met group),
HFD plus daily administration of 230 mg/kg/day TCE (TC group), HFD plus daily administration
of 500 mg/kg/day COE (CO group), HFD plus daily administration of 230 mg/kg/day TCE and
200 mg/kg/day COE (Low-dose group), HFD plus daily administration of 230 mg/kg/day TCE and
500 mg/kg/day COE (Medium-dose group), HFD plus daily administration of 230 mg/kg/day TCE and
1000 mg/kg/day COE (High-dose group) by gavage for 14 weeks. The total experimental period was
24 weeks. During the experimental period, food intake and body weight were recorded and fasting
blood glucose was measured weekly. At the end of the experiment, doing oral glucose tolerance test
and the organs, tissues, cecal feces, and serum samples of each mouse were collected after euthanasia
(CO2 inhalation) for subsequent analyses.

4.3. Histology Observation

The epididymal fat and liver were fixed in 10% formalin for 1 week. After tissue pruning and
paraffin embedding, 2 mm thick sections were made and stained with hematoxylin and eosin solution.
Then, the sections were observed by optical microscopy and the histological score was measured.

4.4. Biochemical Analysis

The plasma levels of blood urea nitrogen (BUN), creatinine, and total cholesterol levels were
measured spectrometerically. All analyses were performed by using Express Plus Automatic
Clinical Chemistry Analyzer with the manufacturer’s instructions (Chiron Diagnostics Corporation,
Oberlin, OH, USA).
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4.5. Oral Glucose Tolerance Tests

Glucose tolerance tests were executed after overnight fasting. Blood glucose were measured by
a glucometer (GT-1650, Arkray, Japan), and mice blood samples were taken from the tail vein at 0, 30,
60, 120, and 180 min after oral gavage (1 g/kg body weight).

4.6. RNA Preparation and qPCR Analysis

The total RNA of epididymal adipose tissue was extracted using a Total RNA Miniprep
Purification Kit (GeneMark, Taipei, Taiwan). DNA was removed with a TURBO DNA-free™ Kit
(Invitrogen, Waltham, MA, USA) using the routine DNase treatment protocol. Purified RNA was
converted to cDNA immediately by using SuperScript® IV Reverse Transcriptase as indicated in the
SuperScript™ IV First-Strand Synthesis System (Invitrogen, Waltham, MA, USA). qPCR reactions were
performed with equal volumes of cDNA, forward and reverse primers, PowerUp™ SYBR™ Green
master mix (Applied Biosystems, Foster City, CA, USA) on Applied Biosystems detection instruments
and software. Threshold cycle (Ct) values were automatically generated by the 7500 Real-Time PCR
software. Lack of variation in PCR products and the absence of primer–dimers were ascertained
from the melt curve profile of the PCR products. Relative quantification was analyzed by the 2−∆∆Ct

method. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was chosen as housekeeping
gene. The primer sequences of each gene for qPCR were as follows. TNF-α: forward primer (F),
5′-TAGCCAGGAGGGAGAACAGA-3′; reverse primer (R), 5′-TTTTCTGGAGGGAGATGTGG-3′;
IL-1β: forward primer (F), 5′-TTGAAGAAGAGCCCATCCTC-3′; reverse primer (R),
5′-CAGCTCATATGGGTCCGAC-3′; IL-6: forward primer (F), 5′-CCGGAGAGGAGACTTCAC-3′;
reverse primer (R), 5′-TCCACGATTTCCCAGAGA-3′; GAPDH: forward primer (F),
5′-TCAACGGCACAGTCAAGG-3′; reverse (R), 5′-ACTCCACGACATACTCAGC-3′.

4.7. Gut Microbiota Analysis

Cecal feces were snap-frozen in liquid nitrogen and stored at −80 ◦C. Bacterial DNA was extracted
by QiAamp fast DNA stool Mini Kit (Qiagen, Hilden, Germany). The V3-V4 regions of 16S rRNA
gene was amplified using the specific primers (341F-805R) containing a unique barcode to tag PCR
products. All PCR reactions were carried out in 25 µL reactions with 0.5 µL of KAPA High-Fidelity
PCR Master Mix (Kapa Biosystems, Wilmington, MA, USA), 0.5 µM of forward and reverse primers,
and about 1 ng template DNA. Thermal cycling began with an initial denaturation at 95 ◦C for 3 min,
followed by 30 cycles of denaturation at 95 ◦C for 30 s, annealing at 57 ◦C for 30 s, and elongation at
72 ◦C for 30 s; and finally, within 72 ◦C for 5 min. PCR products were mixed in equidensity ratios.
Then, the mixture of PCR products were purified with QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany). Sequencing libraries were generated using Truseq nano DNA Library Prep Kit (Illumina,
San Diego, CA, USA) following the manufacturer’s recommendations and index codes were added.
The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific, Waltham, MA, USA)
and Agilent Bioanalyzer 2100 system. Finally, the library was sequenced on an Illumina Miseq platform,
generating 300 bp paired-end reads. All reads were clustered into Operational Taxonomic Units (OTUs)
using Mothur v.1.39.5 with 97% identity. Alpha and beta diversity analysis were performed by using
QIIME (Quantitative Insights into Microbial Ecology) software. The alpha diversity indices including
observed OTUs and Shannon diversity were determined. Beta diversity was assessed by the weighted
UniFrac distance and visualized using principal coordinates analysis (PCoA).

4.8. Statistical Analysis

All data were reported as mean ± SD and analyzed using GraphPad Prism 7 software for Windows
(GraphPad Software, La Jolla, CA, USA). Non-parametric statistical comparisons applied one-way
ANOVA with Tukey’s post-hoc tests.
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5. Conclusions

In this work, we investigated the physiological effects of CO/TC formulations in diet-induced obese
mice and their impact on gut microbiota. Our results demonstrated that CO/TC could improve abnormal
blood glucose regulation and restore the balance of gut microbiota in a longer-term HFD-induced
mouse model. Both CO and TC are therefore bona fide dietary supplements and health products.
The optimized CO/TC formulation and its molecular mechanism still need further exploration.

Author Contributions: Conceptualization, Y.-H.H. and S.-Y.W.; methodology, Y.-H.H. and S.-Y.W.; validation,
Y.-H.H.; formal analysis, Y.-Y.W. and Y.-H.H.; investigation, Y.-Y.W. and Y.-H.H.; resources, H.-W.H., C.-C.L.
and S.-Y.W.; data curation, Y.-Y.W. and Y.-H.H.; writing—original draft preparation, Y.-Y.W.; writing—review
and editing, K.J.S.K. and S.-Y.W.; visualization, Y.-Y.W. and Y.-H.H.; supervision, Y.-H.H. and S.-Y.W.;
project administration, Y.-H.H. and S.-Y.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Council of Agriculture, Taiwan, grant number 106AS-19.5.1-ST-a2 and
107AS-15.4.3-ST-a2.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the study;
in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish
the results. There is no connection between Taiwan Leader Biotech Company and the subject of this manuscript.

References

1. Roopchand, D.E.; Carmody, N.R.; Kuhn, P.; Moskal, K.; Rojas-Silva, P.; Turnbaugh, P.J.; Raskin, I. Dietary
polyphenols promote growth of the gut bacterium Akkermansia muciniphila and attenuate high-fat diet–induced
metabolic syndrome. Diabetes 2015, 64, 2847–2858. [CrossRef] [PubMed]

2. Chen, G.; Xie, M.; Wan, P.; Chen, D.; Dai, Z.; Ye, H.; Hu, B.; Zeng, X.; Liu, Z. Fuzhuan brick tea polysaccharides
attenuate metabolic syndrome in high-fat diet induced mice in association with modulation in the gut
microbiota. J. Agric. Food Chem. 2018, 66, 2783–2795. [CrossRef] [PubMed]

3. Saklayen, M.G. The global epidemic of the metabolic syndrome. Curr. Hypertens. Rep. 2018, 20, 12. [CrossRef]
[PubMed]

4. Festi, D.; Schiumerini, R.; Eusebi, L.H.; Marasco, G.; Taddia, M.; Colecchia, A. Gut microbiota and metabolic
syndrome. World J. Gastroenterol. 2014, 20, 16079–16094. [CrossRef]

5. Wang, J.; Tang, H.; Zhang, C.; Zhao, Y.; Derrien, M.; Rocher, E.; van-Hylckama Vlieg, J.E.; Strissel, K.; Zhao, L.;
Obin, M.; et al. Modulation of gut microbiota during probiotic-mediated attenuation of metabolic syndrome
in high fat diet-fed mice. ISME J. 2015, 9, 1–15. [CrossRef] [PubMed]

6. Boulange, C.L.; Neves, A.L.; Chilloux, J.; Nicholson, J.K.; Dumas, M.E. Impact of the gut microbiota on
inflammation, obesity, and metabolic disease. Genome Med. 2016, 8, 42. [CrossRef] [PubMed]

7. O’Callaghan, A.; van Sinderen, D. Bifidobacteria and their role as members of the human gut microbiota.
Front. Microbiol. 2016, 7, 925. [CrossRef] [PubMed]

8. Zhang, H.; DiBaise, J.K.; Zuccolo, A.; Kudrna, D.; Braidotti, M.; Yu, Y.; Parameswaran, P.; Crowell, M.D.;
Wing, R.; Rittmann, B.E.; et al. Human gut microbiota in obesity and after gastric bypass.
Proc. Natl. Acad. Sci. USA 2009, 106, 2365–2370. [CrossRef]

9. Clavel, T.; Desmarchelier, C.; Haller, D.; Gerard, P.; Rohn, S.; Lepage, P.; Daniel, H. Intestinal microbiota
in metabolic diseases: From bacterial community structure and functions to species of pathophysiological
relevance. Gut Microbes 2014, 5, 544–551. [CrossRef]

10. Rojo, D.; Mendez-Garcia, C.; Raczkowska, B.A.; Bargiela, R.; Moya, A.; Ferrer, M.; Barbas, C. Exploring
the human microbiome from multiple perspectives: Factors altering its composition and function.
FEMS Microbiol. Rev. 2017, 41, 453–478. [CrossRef]

11. Hussain, R.A.; Kim, J.; Hu, T.W.; Soejarto, D.D.; Kinghorn, A.D. Isolation of a highly sweet constituent from
Cinnamomum osmophloeum leaves1. Planta Med. 1986, 52, 403–404. [CrossRef] [PubMed]

12. Cheng, S.S.; Liu, J.Y.; Tsai, K.H.; Chen, W.J.; Chang, S.T. Chemical composition and mosquito larvicidal
activity of essential oils from leaves of different Cinnamomum osmophloeum provenances. J. Agric. Food Chem.
2004, 52, 4395–4400. [CrossRef] [PubMed]

13. Chang, S.T.; Chen, P.F.; Chang, S.C. Antibacterial activity of leaf essential oils and their constituents from
Cinnamomum osmophloeum. J. Ethnopharmacol. 2001, 77, 123–127. [CrossRef]

http://dx.doi.org/10.2337/db14-1916
http://www.ncbi.nlm.nih.gov/pubmed/25845659
http://dx.doi.org/10.1021/acs.jafc.8b00296
http://www.ncbi.nlm.nih.gov/pubmed/29514453
http://dx.doi.org/10.1007/s11906-018-0812-z
http://www.ncbi.nlm.nih.gov/pubmed/29480368
http://dx.doi.org/10.3748/wjg.v20.i43.16079
http://dx.doi.org/10.1038/ismej.2014.99
http://www.ncbi.nlm.nih.gov/pubmed/24936764
http://dx.doi.org/10.1186/s13073-016-0303-2
http://www.ncbi.nlm.nih.gov/pubmed/27098727
http://dx.doi.org/10.3389/fmicb.2016.00925
http://www.ncbi.nlm.nih.gov/pubmed/27379055
http://dx.doi.org/10.1073/pnas.0812600106
http://dx.doi.org/10.4161/gmic.29331
http://dx.doi.org/10.1093/femsre/fuw046
http://dx.doi.org/10.1055/s-2007-969199
http://www.ncbi.nlm.nih.gov/pubmed/17345354
http://dx.doi.org/10.1021/jf0497152
http://www.ncbi.nlm.nih.gov/pubmed/15237942
http://dx.doi.org/10.1016/S0378-8741(01)00273-2


Plants 2020, 9, 383 12 of 13

14. Chen, P.F.; Chang, S.T. Application of essential oils from wood on the manufacture of environment-friendly
antimicrobial paper products. Q. J. Chin. Forest. 2002, 35, 69–74.

15. Wang, S.Y.; Chen, P.F.; Chang, S.T. Antifungal activities of essential oils and their constituents from indigenous
Cinnamon (Cinnamomum osmophloeum) leaves against wood decay fungi. Bioresour. Technol. 2005, 96, 813–818.
[CrossRef]

16. Wang, S.Y.; Yang, C.W.; Liao, J.W.; Zhen, W.W.; Chu, F.H.; Chang, S.T. Essential oil from leaves of
Cinnamomum osmophloeum acts as a xanthine oxidase inhibitor and reduces the serum uric acid levels in
oxonate-induced mice. Phytomedicine 2008, 15, 940–945. [CrossRef]

17. Lin, T.Y.; Liao, J.W.; Chang, S.T.; Wang, S.Y. Antidyslipidemic activity of hot-water extracts from leaves of
Cinnamomum osmophloeum kaneh. Phytother. Res. 2011, 25, 1317–1322. [CrossRef]

18. Hsieh, Y.H.; Chu, F.H.; Wang, Y.S.; Chien, S.C.; Chang, S.T.; Shaw, J.F.; Chen, C.Y.; Hsiao, W.W.;
Kuo, Y.H.; Wang, S.Y. Antrocamphin a, an anti-inflammatory principal from the fruiting body of
Taiwanofungus camphoratus, and its mechanisms. J. Agric. Food Chem. 2010, 58, 3153–3158. [CrossRef]

19. Geethangili, M.; Tzeng, Y.M. Review of pharmacological effects of Antrodia camphorata and its bioactive
compounds. Evid. Based Complement. Alternat. Med. 2011, 2011. [CrossRef]

20. Ao, Z.H.; Xu, Z.H.; Lu, Z.M.; Xu, H.Y.; Zhang, X.M.; Dou, W.F. Niuchangchih (Antrodia camphorata) and its
potential in treating liver diseases. J. Ethnopharmacol. 2009, 121, 194–212. [CrossRef]

21. Kumar, K.J.; Chu, F.H.; Hsieh, H.W.; Liao, J.W.; Li, W.H.; Lin, J.C.; Shaw, J.F.; Wang, S.Y. Antroquinonol from
ethanolic extract of mycelium of Antrodia cinnamomea protects hepatic cells from ethanol-induced oxidative
stress through Nrf-2 activation. J. Ethnopharmacol. 2011, 136, 168–177. [CrossRef] [PubMed]

22. Senthil, K.K.J.; Gokila, V.M.; Wang, S.Y. Activation of Nrf2-mediated anti-oxidant genes by antrodin C
prevents hyperglycemia-induced senescence and apoptosis in human endothelial cells. Oncotarget 2017, 8,
96568–96587. [CrossRef] [PubMed]

23. Senthil, K.K.J.; Gokila, V.M.; Mau, J.L.; Lin, C.C.; Chu, F.H.; Wei, C.C.; Liao, V.H.; Wang, S.Y. A steroid
like phytochemical antcin m is an anti-aging reagent that eliminates hyperglycemia-accelerated premature
senescence in dermal fibroblasts by direct activation of Nrf2 and Sirt-1. Oncotarget 2016, 7, 62836–62861.
[CrossRef]

24. Lin, T.Y.; Chen, C.Y.; Chien, S.C.; Hsiao, W.W.; Chu, F.H.; Li, W.H.; Lin, C.C.; Shaw, J.F.; Wang, S.Y. Metabolite
profiles for Antrodia cinnamomea fruiting bodies harvested at different culture ages and from different wood
substrates. J. Agric. Food Chem. 2011, 59, 7626–7635. [CrossRef] [PubMed]

25. Lin, Y.H.; Kuo, J.T.; Chen, Y.Y.; Kumar, K.J.S.; Lo, C.P.; Lin, C.C.; Wang, S.Y. Immunomodulatory effects of
the stout camphor medicinal mushroom, Taiwanofungus camphoratus (agaricomycetes)-based health food
product in mice. Int. J. Med. Mushrooms 2018, 20, 849–858. [CrossRef] [PubMed]

26. Kim, D.; Touros, A.; Kim, W.R. Nonalcoholic fatty liver disease and metabolic syndrome. Clin. Liver Dis.
2018, 22, 133–140. [CrossRef]

27. Tremaroli, V.; Backhed, F. Functional interactions between the gut microbiota and host metabolism. Nature
2012, 489, 242–249. [CrossRef]

28. Chang, C.J.; Lu, C.C.; Lin, C.S.; Martel, J.; Ko, Y.F.; Ojcius, D.M.; Wu, T.R.; Tsai, Y.H.; Yeh, T.S.; Lu, J.J.; et al.
Antrodia cinnamomea reduces obesity and modulates the gut microbiota in high-fat diet-fed mice. Int. J. Obes.
2018, 42, 231–243. [CrossRef]

29. Kuo, Y.H.; Lin, C.H.; Shih, C.C. Ergostatrien-3beta-ol from Antrodia camphorata inhibits diabetes and
hyperlipidemia in high-fat-diet treated mice via regulation of hepatic related genes, glucose transporter 4,
and AMP-activated protein kinase phosphorylation. J. Agric. Food Chem. 2015, 63, 2479–2489. [CrossRef]

30. Kuo, Y.H.; Lin, C.H.; Shih, C.C. Antidiabetic and antihyperlipidemic properties of a triterpenoid
compound, dehydroeburicoic acid, from Antrodia camphorata in vitro and in streptozotocin-induced mice.
J. Agric. Food Chem. 2015, 63, 10140–10151. [CrossRef]

31. Lin, G.M.; Hsu, C.Y.; Chang, S.T. Antihyperglycemic activities of twig extract of indigenous cinnamon
(Cinnamomum osmophloeum) on high-fat diet and streptozotocin-induced hyperglycemic rats. J. Sci. Food Agric.
2018, 98, 5908–5915. [CrossRef] [PubMed]

32. Fujisaka, S.; Usui, I.; Bukhari, A.; Ikutani, M.; Oya, T.; Kanatani, Y.; Tsuneyama, K.; Nagai, Y.; Takatsu, K.;
Urakaze, M.; et al. Regulatory mechanisms for adipose tissue M1 and M2 macrophages in diet-induced
obese mice. Diabetes 2009, 58, 2574–2582. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.biortech.2004.07.010
http://dx.doi.org/10.1016/j.phymed.2008.06.002
http://dx.doi.org/10.1002/ptr.3408
http://dx.doi.org/10.1021/jf903638p
http://dx.doi.org/10.1093/ecam/nep108
http://dx.doi.org/10.1016/j.jep.2008.10.039
http://dx.doi.org/10.1016/j.jep.2011.04.030
http://www.ncbi.nlm.nih.gov/pubmed/21540101
http://dx.doi.org/10.18632/oncotarget.19951
http://www.ncbi.nlm.nih.gov/pubmed/29228553
http://dx.doi.org/10.18632/oncotarget.11229
http://dx.doi.org/10.1021/jf201632w
http://www.ncbi.nlm.nih.gov/pubmed/21668009
http://dx.doi.org/10.1615/IntJMedMushrooms.2018027389
http://www.ncbi.nlm.nih.gov/pubmed/30317979
http://dx.doi.org/10.1016/j.cld.2017.08.010
http://dx.doi.org/10.1038/nature11552
http://dx.doi.org/10.1038/ijo.2017.149
http://dx.doi.org/10.1021/acs.jafc.5b00073
http://dx.doi.org/10.1021/acs.jafc.5b04400
http://dx.doi.org/10.1002/jsfa.9286
http://www.ncbi.nlm.nih.gov/pubmed/30051468
http://dx.doi.org/10.2337/db08-1475
http://www.ncbi.nlm.nih.gov/pubmed/19690061


Plants 2020, 9, 383 13 of 13

33. Makki, K.; Froguel, P.; Wolowczuk, I. Adipose tissue in obesity-related inflammation and insulin resistance:
Cells, cytokines, and chemokines. ISRN Inflamm. 2013, 2013, 139239. [CrossRef] [PubMed]

34. Gao, M.; Ma, Y.; Liu, D. High-fat diet-induced adiposity, adipose inflammation, hepatic steatosis and
hyperinsulinemia in outbred CD-1 mice. PLoS ONE 2015, 10, e0119784. [CrossRef]

35. Libby, P. Interleukin-1 beta as a target for atherosclerosis therapy: Biological basis of cantos and beyond.
J. Am. Coll. Cardiol. 2017, 70, 2278–2289. [CrossRef]

36. Larsen, C.M.; Faulenbach, M.; Vaag, A.; Volund, A.; Ehses, J.A.; Seifert, B.; Mandrup-Poulsen, T.; Donath, M.Y.
Interleukin-1-receptor antagonist in type 2 diabetes mellitus. N. Engl. J. Med. 2007, 356, 1517–1526. [CrossRef]

37. Senthil Kumar, K.J.; Hsieh, Y.-H.; Lin, T.-Y.; Chien, S.-C.; Liao, J.-W.; Chu, F.-H.; Chang, S.-T.; Wang, S.-Y. Dietary
indigenous cinnamon (Cinnamomum osmophloeum) leaf powder reduces plasma lipid in hypercholesterolemia
hamsters. Nat. Prod. Commun. 2019, 14, 1934578X19860667. [CrossRef]

38. Ley, R.E.; Bäckhed, F.; Turnbaugh, P.; Lozupone, C.A.; Knight, R.D.; Gordon, J.I. Obesity alters gut microbial
ecology. Proc. Natl. Acad. Sci. USA 2005, 102, 11070–11075. [CrossRef]

39. Woting, A.; Blaut, M. The intestinal microbiota in metabolic disease. Nutrients 2016, 8, 202. [CrossRef]
40. Koliada, A.; Syzenko, G.; Moseiko, V.; Budovska, L.; Puchkov, K.; Perederiy, V.; Gavalko, Y.; Dorofeyev, A.;

Romanenko, M.; Tkach, S.; et al. Association between body mass index and Firmicutes/Bacteroidetes ratio in
an adult ukrainian population. BMC Microbiol. 2017, 17, 120. [CrossRef]

41. Chang, C.J.; Lin, C.S.; Lu, C.C.; Martel, J.; Ko, Y.F.; Ojcius, D.M.; Tseng, S.F.; Wu, T.R.; Chen, Y.Y.;
Young, J.D.; et al. Ganoderma lucidum reduces obesity in mice by modulating the composition of the gut
microbiota. Nat. Commun. 2015, 6, 7489. [CrossRef] [PubMed]

42. Shin, N.R.; Lee, J.C.; Lee, H.Y.; Kim, M.S.; Whon, T.W.; Lee, M.S.; Bae, J.W. An increase in the akkermansia
spp. Population induced by metformin treatment improves glucose homeostasis in diet-induced obese mice.
Gut 2014, 63, 727–735. [CrossRef] [PubMed]

43. Sun, L.; Xie, C.; Wang, G.; Wu, Y.; Wu, Q.; Wang, X.; Liu, J.; Deng, Y.; Xia, J.; Chen, B.; et al. Gut microbiota
and intestinal FXR mediate the clinical benefits of metformin. Nat. Med. 2018, 24, 1919–1929. [CrossRef]

44. Derrien, M.; Belzer, C.; de Vos, W.M. Akkermansia muciniphila and its role in regulating host functions.
Microb. Pathog. 2017, 106, 171–181. [CrossRef]

45. Everard, A.; Belzer, C.; Geurts, L.; Ouwerkerk, J.P.; Druart, C.; Bindels, L.B.; Guiot, Y.; Derrien, M.;
Muccioli, G.G.; Delzenne, N.M.; et al. Cross-talk between Akkermansia muciniphila and intestinal epithelium
controls diet-induced obesity. Proc. Natl. Acad. Sci. USA 2013, 110, 9066–9071. [CrossRef] [PubMed]

46. Dao, M.C.; Everard, A.; Aron-Wisnewsky, J.; Sokolovska, N.; Prifti, E.; Verger, E.O.; Kayser, B.D.; Levenez, F.;
Chilloux, J.; Hoyles, L.; et al. Akkermansia muciniphila and improved metabolic health during a dietary
intervention in obesity: Relationship with gut microbiome richness and ecology. Gut 2016, 65, 426–436.
[CrossRef] [PubMed]

47. Anhe, F.F.; Roy, D.; Pilon, G.; Dudonne, S.; Matamoros, S.; Varin, T.V.; Garofalo, C.; Moine, Q.; Desjardins, Y.;
Levy, E.; et al. A polyphenol-rich cranberry extract protects from diet-induced obesity, insulin resistance and
intestinal inflammation in association with increased Akkermansia spp. Population in the gut microbiota of
mice. Gut 2015, 64, 872–883. [CrossRef] [PubMed]

48. Ravussin, Y.; Koren, O.; Spor, A.; LeDuc, C.; Gutman, R.; Stombaugh, J.; Knight, R.; Ley, R.E.; Leibel, R.L.
Responses of gut microbiota to diet composition and weight loss in lean and obese mice. Obesity 2012, 20,
738–747. [CrossRef]

49. Castaner, O.; Goday, A.; Park, Y.M.; Lee, S.H.; Magkos, F.; Shiow, S.T.E.; Schroder, H. The gut microbiome
profile in obesity: A systematic review. Int. J. Endocrinol. 2018, 2018, 4095789. [CrossRef]

50. Del Chierico, F.; Abbatini, F.; Russo, A.; Quagliariello, A.; Reddel, S.; Capoccia, D.; Caccamo, R.; Ginanni
Corradini, S.; Nobili, V.; De Peppo, F.; et al. Gut microbiota markers in obese adolescent and adult patients:
Age-dependent differential patterns. Front. Microbiol. 2018, 9, 1210. [CrossRef]

51. Egshatyan, L.; Kashtanova, D.; Popenko, A.; Tkacheva, O.; Tyakht, A.; Alexeev, D.; Karamnova, N.;
Kostryukova, E.; Babenko, V.; Vakhitova, M.; et al. Gut microbiota and diet in patients with different glucose
tolerance. Endocr. Connect. 2016, 5, 1–9. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1155/2013/139239
http://www.ncbi.nlm.nih.gov/pubmed/24455420
http://dx.doi.org/10.1371/journal.pone.0119784
http://dx.doi.org/10.1016/j.jacc.2017.09.028
http://dx.doi.org/10.1056/NEJMoa065213
http://dx.doi.org/10.1177/1934578X19860667
http://dx.doi.org/10.1073/pnas.0504978102
http://dx.doi.org/10.3390/nu8040202
http://dx.doi.org/10.1186/s12866-017-1027-1
http://dx.doi.org/10.1038/ncomms8489
http://www.ncbi.nlm.nih.gov/pubmed/26102296
http://dx.doi.org/10.1136/gutjnl-2012-303839
http://www.ncbi.nlm.nih.gov/pubmed/23804561
http://dx.doi.org/10.1038/s41591-018-0222-4
http://dx.doi.org/10.1016/j.micpath.2016.02.005
http://dx.doi.org/10.1073/pnas.1219451110
http://www.ncbi.nlm.nih.gov/pubmed/23671105
http://dx.doi.org/10.1136/gutjnl-2014-308778
http://www.ncbi.nlm.nih.gov/pubmed/26100928
http://dx.doi.org/10.1136/gutjnl-2014-307142
http://www.ncbi.nlm.nih.gov/pubmed/25080446
http://dx.doi.org/10.1038/oby.2011.111
http://dx.doi.org/10.1155/2018/4095789
http://dx.doi.org/10.3389/fmicb.2018.01210
http://dx.doi.org/10.1530/EC-15-0094
http://www.ncbi.nlm.nih.gov/pubmed/26555712
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	CO/TC Formulations Attenuated Symptoms of HFD-Induced Metabolic Syndrome 
	CO/TC Formulations Mitigated HFD-Induced Dysglycemia 
	CO/TC Formulations Altered Gut Microbiota Composition in HFD-Fed Mice 

	Discussion 
	Materials and Methods 
	Preparation of CO and TC Extracts 
	Animals and Experimental Design 
	Histology Observation 
	Biochemical Analysis 
	Oral Glucose Tolerance Tests 
	RNA Preparation and qPCR Analysis 
	Gut Microbiota Analysis 
	Statistical Analysis 

	Conclusions 
	References

