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Abstract
Background: Type 2 diabetes mellitus (T2DM) is associated with cardiovascular disease (CVD). Sodium
glucose cotransporter 2 inhibitors (SGLT2i) represent the most effective oral drugs for the treatment of
T2DM, and have been shown to improve generalized vascular dysfunction. However, it’s effect on
improving diabetic CVD and the possible action mechanism are currently unclear.

Methods: T2DM was induced by feeding a high-fat diet (HFD) to male C57BL/6J mice for 24 weeks.
Afterthat, HFD-fed mice were treated with Cana (50 mg/kg/d) or positive drug metformin (225 mg/kg/d)
by oral gavage for 6 weeks. Myocardial mitochondrial morphology and cardiovascular abnormalities
were assessed by transmission electron microscope and histological staining; lipids profile and oxidative
stress state were assessed by corresponding biochemical assay kits and histological staining;
myocardial injury was characterized by H&E staining, TUNEL, and ELISA assays; colonic gut microbiota
was assessed by 16S rDNA high-throughput sequencing.

Results: Cana reduced the lipid (such as TG, TC, and LDL-C) accumulation in serum, thus decreased
atherogenic index of plasma and arteriosclerosis index values. And, Cana reduced the circulating markers
of in�ammation (such as TNFα, MCP-1, and IL-6). More importantly, Cana improved cardiac
mitochondrial homeostasis and relieved oxidative stress. Myocardial injury was alleviated after Cana
treatment with decreasing levels of serous cTn I and sCD40L. Thus, cardiovascular abnormality was
relieved by elevating the CD31 expression level, and suppressing fibrosis and basement membrane
thickening in T2DM mice. Interestingly, Cana administration increased the ratio of
Firmicutes/Bacteroidetes and the relative abundance of Olsenella, Alistipes, and Alloprevotella, while
decreased the abundance of Proteobacteria, Helicobacter and Mucispirillum at various taxonomic levels.

Conclusions: Cana treatment improved CVD by decreasing the risk of atherosclerosis, maintaining a
relatively normal haemogram, and reducing the thickness of vascular basement membrane and
myocardial injury. Importantly, Cana treatment signi�cantly elevated myocardial mitochondria
homeostasis, thus ameliorated the oxidative stress and in�ammatory states. Moreover, Cana subtly
altered microbiota composition in T2DM mice with CVD, which contributed to the improvement of CVD.
Collectively, the improvements of myocardial mitochondrial and gut microbiota homeostasis, may
represent an important mechanism underlying the cardiovascular bene�ts of Cana treatment.

Background
Type 2 diabetes mellitus (T2DM) is the most common metabolic disease and the prevalence of T2DM is
increasing worldwide at alarming rates [1]. It is well known that T2DM is a metabolic disorder
characterized by insulin resistance (IR) and chronic hyperglycemia with excessive insulin secretion.
Individuals with T2DM are at high risk for macrovascular complications (such as cardiovascular,
cerebrovascular, and renal comorbidities), owing to hyperglycaemia and IR [2]. T2DM is associated with
cardiovascular disease (CVD) characterized by increases in large artery stiffness, endothelial dysfunction,
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and vascular smooth muscle dysfunction [3]. Risk factors of CVD include hyperglycemia, dyslipidemia, IR,
obesity, hypertension, non-alcoholic fatty liver disease and so on [4, 5]. Among the myriad health
consequences of T2DM, CVD accounts for more than two thirds of all deaths [6]. Although there is a
strong correlation between the magnitude of hyperglycemia and CVD event rates among people with
T2DM [7, 8], there remains considerable uncertainty as to whether current anti-diabetic medications
reduce CVD risk [9, 10].

In�ammation, oxidative stress, and dyslipidemia are key contributing factors to the development of
diabetic CVD [11]. It was demonstrated that high fat diet (HFD)-induced elevated cholesterol and low
density lipoprotein-cholesterol (LDL-C) resulted in both ischemic heart disease with or without
in�ammation [12]. Oxidative stress and in�ammation are closely associated with the pathogenesis of
diabetic CVD [13]. Reactive oxygen species (ROS) is increased in patients with T2DM and animal models
of T2DM, and overproduction of ROS is associated with hyperglycemia and metabolic disorder related
disease [14]. Moreover, mitochondria are the most important sources of ROS, and mitochondrial
dysfunction increases electron leak and ROS production. It is crucial to comprehensively understand the
pathophysiological mechanisms mediated by oxidative stress in the prevention and treatment of diabetic
CVD [15]. Hyperlipidemia is an elevation of lipids in the bloodstream [16], which is a major cause of
atherosclerosis and atherosclerosis-associated conditions such as coronary heart disease and peripheral
vascular disease [17]. Moreover, the lipid‐glucose index was positively associated with a higher
prevalence of CVD, and could be used as a marker for atherosclerosis [18].

Sodium-glucose cotransporter 2 inhibitors (SGLT2i) were recently introduced to treat T2DM [19]. In meta-
analyses of clinical trials in T2DM, three types of SGLT2i, including Canagli�ozin (Cana), dapagli�ozin
(Dapa) and empagli�ozin (Empa) could reduce fasting plasma glucose and HbA1c [20–22]. Moreover,
SGLT2i have been shown to conduct cardiovascular bene�ts and reduce the related overall mortality [23].
Early modeling data predicted that, unlike other classes of antidiabetic medications, SGLT2i may have
signi�cant bene�cial effects on CVD [24, 25]. It has been veri�ed that Empa can improve glycemic
parameters, promote lipid metabolism and reduces systolic blood pressure [26], thus favoring a
cardioprotective property of the SGLT2i [27, 28]. It demonstrated that Dapa signi�cantly lowered arterial
stiffness, and improved endothelial and vascular smooth muscle dysfunction, which were accompanied
by reductions in hyperglycemia and circulating markers of in�ammation [25].

In recent years, associations between T2DM and altered gut microbiome composition have been reported
[29]. Moreover, many researches indicate that the gut microbiota has emerged as critical regulators of
human physiology and disease processes, including in cardiovascular function in T2DM [30–32]. Various
drug have been shown to profoundly alter gut microbiota composition, which in turn altered drug
absorption, metabolism, and mediate the physiological effects of T2DM medications [33–35]. Due to this
bi-direction relation extends to various medications for CVD and T2DM, there may be tremendous clinical
relevance in the interaction between gut microbiota and SGLT2i. For example, it has been veri�ed that
Dapa was associated with subtle alterations in microbial richness and diversity in T2DM mice [25].
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Cana was recently developed as a type of SGLT2i to improve T2DM and related diseases in an insulin-
independent manner [36, 37]. It has been reported that only Cana marked activated AMP-activated protein
kinase (AMPK), but not Dapa, or Empa, which suggest a potential additional bene�t of Cana therapy
compared with other SGLT2i [38]. In addition, Cana decreased serum leptin and IL-6, while increased
serum adiponectin and tumor necrosis factor α (TNFα) in T2DM patients, which favorably impacted
insulin sensitivity and CVD risk [39]. Recently, several clinical studies indicated that the risk of kidney
failure and cardiovascular events was lower after Cana treatment in patients with T2DM and kidney
disease [40–42]. In addition, Cana signi�cantly altered cecal microbiota composition in renal failure mice
and decreased the levels of microbiota-derived uremic toxins in chronic kidney disease [43].

Here, we examined the effects of Cana on attenuating CVD using T2DM mice induced by HFD.
Meanwhile, metformin, as a �rst-line clinical drugs for T2DM, revealed marked improvement in various
clinical parameters including a conspicuous reduction in all-cause mortality and CVD events [44]. Thus,
metformin was selected as the positive control. With the above background, the purpose of the present
study was to examine the effects of Cana on hyperlipemia, systemic in�ammation, oxidative stress, IR,
myocardial mitochondria, and vascular basement membrane in T2DM mice, and the effects of Cana on
the gut microbiota dysbiosis was also characterized.

Methods

Chemicals and materials
Cana was purchased from Selleck Chemicals (Selleck Chemicals, Houston, TX, USA); metformin was
purchased from Aladdin (Aladdin Bio-Chem Technology Co., Shanghai, China). All other chemicals at
analytical grade were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA) unless otherwise
noted.

Animals and experimental design
The experimental protocol is shown in Fig. S1. Brie�y, speci�c pathogen free male C57BL/6J mice aged 6
weeks with weight of 20-22 g were obtained from the Charles River Laboratory Animal Technology Co.
Ltd (Beijing, China). Mice were allowed to acclimatize the laboratory environment (12 h light/dark cycle at
23-25℃ and 30-60% relative humidity) for one week before the beginning of the experiment. All mice
were free accessed to food and water. The mice were randomly divided into four groups (n=10 per group):
normal-chow diet (NCD) fed group (Control group) (D12450B, containing 10% kcal from fat, 3.85 total
kcal/g, Research Diets Inc., New Brunswick, NJ, USA), HFD fed group (Model group) (D12492, containing
60% kcal fromfat, 5.24 total kcal/g, Research Diets Inc., New Brunswick, NJ, USA), HFD plus metformin
group (Metf group), and HFD plus Cana group (Cana group). Throughout the establishment of T2DM
mice model period of 24  weeks, most individuals with HFD feeding appeared to be
signi�cantly hyperglycemic compared with the NCD feeding mice, while a few mice maintained a
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relatively normal blood glucose level. Thus, we randomly selected six mice with hyperglycemia for the
following treatment trail. The sample size of each group was calculated by G*Power software. In a one-
way ANOVA analysis with an effect size of f = 0.7, α of 0.05, power level of 80% and group number of 4, it
was calculated that a number of 6 mice per group would be su�cient to reach statistical signi�cance.
After that, the Metf and the Cana groups were gavaged with metformin (200 mg/kg dissolve in saline
solution containing 0.5% carboxymethyl cellulose and 0.025% Tween-20) or Cana (50 mg/kg dissolve in
saline solution containing 0.5% carboxymethyl cellulose and 0.025% Tween-20) once a day for six more
weeks, while the Control group and the Model group were given equal amounts of solvent as a control
vehicle. And, body weight was recorded weekly. At the end of the experiment, mice were fasted for 12
h and were euthanized by intraperitoneal injection of 1% pentobarbital sodium (100 mg/kg) [45-47].

Automatic haematological analysis
Blood samples were collected in 1.5 mL K3EDTA-containing tubes (Sarstedt, Nümbrecht, Germany) via
eyeball method and stored at 4℃. Samples were analyzed using an automated veterinary hematology
analyzer Mindray BC 2800VET (Mindray, Shenzhen, China).

Tissue sampling and histological study
Cardiac tissues were collected, then partial cardiac tissues were immediately washed with PBS and
then fixed in a 4% paraformaldehyde solution or 2.5% glutaraldehyde for 48 h, while frozen tissues were
used for Oil Red O staining. Tissues were then dehydrated by ethanol and embedded in para�n wax.
Embedded tissues were processed as previously described and cut into 4 µm-thick sections [48]. The
tissue sections were analyzed by hematoxylin and eosin (H&E) staining, Oil Red O staining, or Masson
trichrome staining as previously described [49-51].

Biochemical assays
Fasting blood glucose (FBG) was measured by using a standard glucometer (Johnson & Johnson, New
Brunswick, NJ, USA) after fasting for 12 h. Oral glucose tolerance test (OGTT) and intraperitoneal insulin
tolerance test (IPITT) were conducted as previously described and blood glucose was assayed using a
standard glucometer [52, 53]. The increment of blood glucose following the glucose loading was
expressed in terms of area under the curve (AUC), using the trapezoidal rule. Blood was collected with a
1.5 mL EDTA-free centrifugal tube and immediately centrifuged at 2,000 rpm for 10 min at 4℃ to obtain
serum for serological test. Serum amounts of fasting insulin and hemoglobin A1c (HbA1c) were
determined using a Mouse Insulin ELISA Kit and an HbA1c ELISA Kit (Omnimabs, Alhambra, CA,
USA) according to the manufacturer's instruction, respectively. Homeostasis model assessment-insulin
resistance (HOMA-IR) was calculated as fasting insulin (mU L-1) × fasting glucose (mM)/22.5. Serum
total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), and high-density
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lipoprotein cholesterol (HDL-C) levels were detected by standard assay kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to manufacturer’s instructions. Serum amounts
of monocyte chemotactic protein 1 (MCP-1), interleukin-6 (IL-6), and TNFα were determined using ELISA
kits (R&D systems, Minneapolis, MN, USA). Cardiac troponin I (cTn I) and soluble cluster of differentiation
40 ligand (sCD40L) contents in serum were determined using the corresponding ELISA kits (Wuhan
Jiyinmei Biotechnology Co. Ltd., Wuhan, China). Cardiac tissues (200 mg) were homogenized in
cold phosphate buffer (pH 7.4), then centrifuged at 10,000 g for 20 min to collect the supernatant. The
concentrations of superoxide dismutase (SOD), glutathione (GSH), catalase (CAT), and malondialdehyde
(MDA) in cardiac tissue were determined according to the product manual (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). In addition, ROS content in cardiac tissue was detected by the
fluorescent dye dihydroethidium (DHE) as previously described with minor modi�cations [54]. For in situ
detection of ROS, OCT-embedded tissue was cut into 4 μm-thick sections. Tissue sections were then
incubated with 5 μM of DHE for 30 min at 37℃ in the dark. After the application of a coverslip, the
ethidium fluorescence was viewed immediately at Ex535/Em610 with the confocal microscope.

Immunohistochemistry and immuno�uorescence assays
CD31 and heme oxygenase 1 (HO-1) in cardiac tissues were determined using immuno�uorescence
staining as previously described [55]. Brie�y, sections were blocked with 5% bovine serum albumin, then
incubated with primary antibody (Cell Signaling Technology, Danvers, MA, USA) overnight at 4℃.
Sections were then incubated with �uorescent secondary antibody (Cell Signaling Technology, Danvers,
MA, USA) at room temperature for 1 h. Finally, the slides were counter-stained with DAPI for 30 min, and
images were acquired using a Nikon A1 confocal microscope (Nikon Corporation, Tokyo, Japan).

TUNEL histochemistry
For in situ detection of apoptosis, TdT-mediated �uorescein nucleotides (Cyanine 3-dUTP) nick-end
labeling (TUNEL) was used to characterize the degree of apoptosis in cardiac tissues (Beyotime
Biotechnology, Shanghai, China). Incorporated �uorescein-labeled dUTP was analyzed using a confocal
microscope.

Transmission electron microscope (TEM)
Cardiac tissues were fixed in 2.5% glutaraldehyde for 48 h at room temperature. Then, the tissues were
dehydrated and then embedded in araldite. Tissue slices (50 nm) were stained with lead citrate acid and
uranium acetate to observe mitochondria and cardiac microvasculature by a H600 electron microscope
(Hitachi, Tokyo, Japan) [56]. The vascular basement membrane thickness of each sample was
determined by the average value of six measurements at various position.
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Colonic microbiota high throughput sequencing
Colonic contents were collected and stored at −80℃ until being analyzed. Total bacterial DNA was
isolated from the colonic contents by the QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany). The
colonic bacterial 16S rDNA gene was ampli�ed by PCR utilizing the 341F and 806R primers. The PCR
products were purified by the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) and sequenced on
the Illumina Miseq PE250 platform (Illumina, San Diego, CA, USA) by Realbio (Realbio Technology Co,
Ltd., Shanghai, China). In addition, β-diversity were analyzed by the QIIME software. Linear discriminant
analysis (LDA) effect size (LEfSe) was used to characterize the marked difference in the relative
abundance of microbial taxa between various groups. A heatmap was analyzed by R Cytoscape, which
indicated the relativity between colonic gut microbiota and physiological index.

Statistical analysis
Data are presented as the mean±standard error of the mean (SEM). Differences between groups were
analyzed by SPSS software (v.20.0; IBM, Armonk, NY, USA) via one-way ANOVA with Student’s t test. And,
Tukey’s honestly signi�cant difference test was used for the analysis of multiple comparisons.
Differences were considered to be statistically signi�cant between various groups when p < 0.05. The
analyses were performed using GraphPad Prism software (v.7.0; GraphPad Software Inc., San Diego, CA,
USA). In addition, microbial community α and β-diversity were calculated using Chao1, Shannon, and
Simpson indices and Bray–Curtis distances visualized by principle coordinates analysis (PCoA). The
linear discriminate analysis effect size (LEfSe) with an LDA score > 2 and p < 0.05.

Results

Effects of Cana on hyperglycemia and IR in T2DM mice
T2DM is related to impaired glucose tolerance and IR[57]. Chronic hyperglycemia and IR are known to
play a signi�cant role in the development of CVD among patients with T2DM [58]. SGLT2i are newly
developed antidiabetic agents via inhibiting glucose reabsorption in the kidney [59]. Thus, we investigated
the effect of Cana on blood glucose control, insulin sensitivity, and pancreatic protection in T2DM mice.
Fasting blood glucose levels of the HFD-fed groups were markedly increased compared with that of the
Control group (Fig. 1A, showed in blue color) at the 24th week, which indicated that T2DM was
successfully induced by HFD-feeding. As shown in Fig. 1A and B, Cana signi�cantly decreased fasting
hyperglycemia and HbA1c level compared with the Model group (p < 0.05), suggesting that Cana has a
long-term effect on alleviating hyperglycemia. OGTT and IPITT assays at the end of the trial
demonstrated that Cana treatment e�ciently increase glucose tolerance (Fig. 1C and D) and improve
insulin sensitivity (Fig. 1E&F) in mice with T2DM (p < 0.05). The suppressed hyperinsulinemia and the
lowered HOMA-IR index in Cana group compared with the Model group (Fig. 1G&H) (p < 0.05) indicate
that Cana can effectively improve insulin homeostasis.



Page 8/31

In addition, it has been demonstrated that as diabetes developed the proliferation of pancreatic α cells
increased, which resulted in an elevated plasma glucagon level and hyperglycemia [60]. Furthermore, we
found that the amount of β cells was obviously decreased, while α cells were more or less evenly
distributed in the islets of T2DM mice compared with the Control group by immuno�uorescence staining
of insulin and glucagon (Fig. 1I). Treatment with Metf or Cana not only increased β cells percentage and
β cells mass (Fig. 1I), it also drove α cells to the periphery of islets (Fig. 1I), which show excellent islet
protection in T2DM mice. All of the above analyses confirm the anti-diabetic effects of Cana as
demonstrated by regulation of blood glucose, insulin homeostasis, insulin sensitivity, and relieving
pancreatic disorder in mice with T2DM.

Effects of Cana on energy metabolism in T2DM mice
After 30-weeks feeding trial, signi�cantly different degrees of obesity were observed among various
groups. The waistlines of the Model group and the Cana group were larger than the Control group but
were signi�cantly reduced after Metf treatment for six weeks (Fig. 2A), which indicate that Metf treatment
can conspicuously reduce obesity degree of T2DM mice by qualitative observation while Cana treatment
can’t. In addition, the T2DM mice took in much more energy and gained more weight compared with the
normal mice (p < 0.05) (Fig. 2B–D). However, Metf administration markedly prevented HFD-induced
increase of body weight, body weight gain, and body mass index (BMI) (Fig. 1B–E) (p < 0.05), while Cana
treatment couldn’t. It is noteworthy that the Cana group took in much more energy compared with both
the Control and the Model groups (p < 0.05) (Fig. 1B) in the state of taking food freely, while the energy
efficiency of the Cana group was much lower than that of the Model group (p < 0.05) (Fig. 1F). It has
been con�rmed that Cana delay the rate of intestinal glucose absorption via intestinal SGLT1 inhibition
and increase the urinary glucose excretion via renal SGLT2 inhibition [61], thus reducing the available
energy intake. And, clinical research demonstrated that Cana can induce body weight reduction in
patients with T2DM in the state of taking food with limitation [62].

Effect of Cana on hematological parameters in T2DM mice
Studies demonstrate the strong association between hematological parameters and risk of CDV, during to
systemic in�ammation and hypoxemia implicated in the pathophysiology mechanisms of CVD [63]. Our
results (Table 1) showed that white blood cell count (WBC), platelets, and mean platelet volume (MPV)
levels were conspicuously increased in T2DM mice compared with the normal mice, while Cana or Metf
treatment effectively reversed this adverse situation. There is an signi�cant association of increased MPV
and platelet counts with diabetes related to endothelial dysfunction, coronary artery disease, and its
vascular complications [64, 65]. Moreover, elevated WBC is a classical in�ammatory marker and
associated with several CVD risk factors [66]. The above results indicate that Cana can conduct anti-CVD
effect via regulating the disorderly hematological parameters in T2DM mice.

Table 1 Effect of the Cana treatment on hematological parameters
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Variable Control Model Metf Cana

WBC (x109/L) 4.6±0.5 14.1±0.2* 8.1±0.9*# 10±1.1*#

Monocytes (x109/L) 0.2±0.03 0.3±0.02* 0.6±0.04*# 0.4±0.02*#&

Monocytes (%) 5±0.3 3.8±0.25* 7.4±0.5*# 2.5±0.3*#&

Lymphocytes (x109/L) 3.2±0.24 11.9±0.9* 4.9±0.35*# 11.2±1.3*&

Lymphocytes (%) 67.4±5.6 76.6±4.3 60.8±5.7# 83.7±7.6*#&

Granulocytes (x109/L) 1.3±0.09 2.3±0.14* 2.6±0.15* 3.5±0.41*#&

Granulocytes (%) 27.5±2.7 19.5±1.5* 31.8±2.9# 13.7±1.1*#&

Platelets (x109/L) 1940.5±124.2 3307±32.3* 2467±250.4*# 2707±265.1*#

PDW 17.4±1.2 17.4±1.3 18.0±1.5 19.3±1.2

RBC (x1012/L) 4.1±0.4 5.1±0.3* 4.49±0.39 1.4±0.11*#&

HCT (%) 29.3±2.1 24.5±1.7 21.1±1.3* 7.3±0.5*#&

HGB (g/L) 115.3±10.5 138.7±14.2* 123.7±13.2 139.7±14.1*

MCV (fL) 49.5±5 48.5±5.0 48.7±3.6 52.7±4.8

RDW (%) 37.8±3.2 38.5±2.8 38.4±3.4 37.0±2.8

MPV (fL) 4.75±0.5 7.56±0.8* 6±0.7*# 6.3±0.7*#

PDW: platelet distribution width; RBC: red blood cell count; HCT: hematocrit; HGB: hemoglobin; MCV:
mean corpuscular volume; RDW: red cell distribution width. Data are expressed as mean ± SEM. * p <
0.05, compared with the Control group; # p < 0.05, compared with the Model group; & p < 0.05, the Cana
group compared with the Metf group.

Effects of Cana on hyperlipemia in T2DM mice
Evidences demonstrate that increased concentration of cholesterol and TG is an causal risk factor for
CVD [67]. And, hyperlipidemia is characterized by increased lipid accumulation in serum, which is a
strong risk factor for CVD and T2DM related coronary artery disease [68, 69]. Thus, managing
hyperlipidemia is an effective way to prevent CVD. Our results showed that HFD feeding signi�cantly
increased the levels of TC, TG, and LDL-C in the serum compared with the NCD-fed mice (p < 0.05) (Fig.
3A–C). After treatment for six weeks, the serum TG, TC, and LDL-C levels in Cana group were markedly
reduced compared with the Model group (p < 0.05), and the therapeutic effect was comparable to the
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Metf group (Fig. 3A–C). In addition, serum HDL-C level increased in the Cana and the Metf groups
compared with the Model group (Fig. 3D) (p < 0.05). Atherogenic index of plasma (AIP) and
arteriosclerosis index (AI) values increase with the elevated CVD risk, which are also highly sensitive
markers of lipoprotein pro�les in CVD patients [70]. And, Cana decrease the AIP and AI levels in T2DM
mice (Fig. 3E&F), which indicate that Cana can effectively alleviate CVD induced by hyperlipidemia in
mice with T2DM. In addition, Oil red O staining indicated that abnormal lipid accumulation was observed
in the Model group as compared to the Control group, while treated with Cana alleviated the lipid
accumulation in cardiac tissues (Fig. 3G). Taken together, the above results demonstrate that Cana can
perform anti-CVD effect via suppressing lipid accumulation in serum and cardiac tissue in T2DM mice.

Effects of Cana on oxidative stress and systematic
in�ammation in T2DM mice
Oxidative stress was increased in T2DM and this appeared to underlie the development of T2DM and
diabetic complications such as CVD [71]. Oxidative stress is known as a major contributor to endothelial
dysfunction [72], which is a key precursor to the development of CVD [73]. As shown in Fig. 4A, the area
and intensity of �uorescence from DHE oxidation were notably increased in the Model group compared to
that of the Control group (p < 0.05), while Cana or metformin treatments markedly reversed this situation
(p < 0.05). Notable decreases in the activities of SOD and GSH, while increasing MDA content in the heart
of T2DM mice compared with the normal mice (Fig. 4B–D). However, the above situation was
conspicuously reversed by Cana supplementation, implying that Cana can effectively relieve myocardial
oxidative stress (Fig. 4B–D). Importantly, TEM evaluation revealed marked cardiomyocyte dissolution,
muscular fiber twisting, intercalated disc blurred, Z line disappearance, and some myo�laments were
�ocky in appearance and showed no cross striations in the myocardial tissue of diabetic mice. In
addition, mitochondrial crista deformation and damage, mitochondrial autophagy (red arrows presented
in Fig. 4E, vacuoles with black residue), and fat drop (yellow arrows presented in Fig. 4E, vacuoles without
black spots) were signi�cantly presented in the Model group compared with the Control group. And, the
effects of which were greatly attenuated by Cana or Metf treatment (Fig. 4E), which are bene�cial for the
suppression of mitochondrial ROS production and subsequently oxidative stress [74].

Chronic in�ammation is also an established mediator of vascular dysfunction in individuals with
T2DM [75-77]. Through the in�ammatory processes, the initial lesion of atherosclerosis and CVD is
formed [78]. We found that HFD feeding elevated systematic inflammation state as demonstrated by
increased serum levels of inflammatory cytokines including TNFα, MCP-1, and IL-6 compared with the
Control group, whereas Cana administration markedly suppressed this increase of pro-inflammatory
cytokines (Fig. 4F–H). Besides, HO-1 level was markedly decreased in the Model group compared with the
Control group (p < 0.05), while Cana or Metf treatment effective elevated the HO-1 level in T2DM mice (p <
0.05). Upregulation of HO-1 expression plays an important role in the protective response against
oxidative injury and in�ammatory effects [79], which proposes that HO-1 is a promising target protein for
therapeutic intervention in CVD. In general, the above results indicate that Cana can effectively alleviate
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oxidative stress and systematic in�ammation by protecting myocardial structural and mitochondrial
homeostasis.

Effects of Cana on cardiovascular abnormalities in T2DM
mice
Normal vasculature is crucial to cardiac function and CVD, which is susceptible to hyperglycemia [80].
CD31 plays an important role in endothelial protection, which alleviates the apoptosis of vascular
endothelial cells [81]. HFD induced T2DM triggered an overtly drop in the number of CD31 positive
microvessels compared with the normal mice (Fig. 5A), while the unfavorable state was reversed by Cana
or Metf treatment so as to play a good role in protecting the vascular endothelium. In addition, diabetes-
induced changes in microvascular morphology including fibrosis (Fig. 5B) and basement membrane
thickening (Fig. 5C), which were largely ameliorated by Cana administration. These data demonstrated a
cardioprotective property of Cana by maintaining cardiovascular structural homeostasis in T2DM mice.

Effects of Cana on myocardial injury in T2DM mice
Damage to microvessel integrity and cardiac microvascular endothelial cell are considered the initial step
in vascular complications in diabetes [82]. Diabetes-induced effects (such as turbulent blood flow and
capillary blockage) raised the accumulation of erythrocytes in the microvessel [74], while Cana
considerably retarded this negative situation (red arrows presented in Fig. 6A). Additionally, Metf or Cana
treatment inhibited the diabetes-induced TUNEL positive cells increasing (red arrows presented in Fig.
6B), supporting the pro-survival capacity of Cana on hyperglycemia-mediated cardiac microvascular
endothelial cell apoptosis. These data revealed the beneficial effects of Cana on microvessel integrity in
diabetes, favoring a significant decrease for the risk of cardiac microvascular endothelial cell dysfunction
or death in diabetic hearts.

Cardiac troponin is used to diagnose myocardial infarction, and the increased concentration of cardiac
troponin indicates the elevated risk for adverse outcome in individual [83]. In addition, cTn I, an important
subunits of cardiac troponin, is recognized as marker of myocardial damage [84]. Studies also
demonstrated that high level of sCD40L indicates enhanced in�ammatory responses, heightened risk of
death and myocardial infarction in patients [85-87]. In our study, levels of serous cTn I and sCD40L in
T2DM mice were signi�cantly increased compared with that in the Control group (Fig. 6 C&D), while Cana
treatment markedly improved the situation. The above results demonstrate the salient effects of Cana on
alleviating myocardial injury in T2DM mice.

Cana modulated gut microbiota at different taxonomic
levels
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High-throughput 16S rDNA sequencing was applied to elucidate the effect of Cana on colonic microbiota
in HFD-induced T2DM. As shown in Table S1, α-diversity (e.g. Good’s coverage, Chao1, Shannon and
Simpson indices) of the colonic �ora in Cana-treated group was not signi�cantly different compared with
that in the Control and the Model groups. In addition, evaluation of β-diversity based on nMDS ordination
plot (Fig. S2A), weighted UniFrac heatmap (Fig. S2B), and weighted PCoA analysis (Fig. 7A) showed that
there were signi�cant differences in colonic �ora between the Cana treatment group and the Model group,
and the microbial community of the Cana group was similarly to that of the Control group. At the phylum
level (Fig. 7B), the Cana group had a higher abundance of Bacteroidetes with a lower abundance of
Firmicutes, and an increased ratio of Firmicutes/Bacteroidetes (Fig. 7C) compared with that of the Model
group. A significant increase in the abundance of Proteobacteria was induced in the Model group and
was signi�cantly reduced in the Cana group, however, not reversed by Metf treatment (Fig. 7D). In
addition, administration of Cana remarkably enriched the abundance of Actinobacteria and decreased the
abundance of Deferribacteres in mice with T2DM (Fig. 7E&F). The abundance analysis at genus level
showed that there were signi�cant differences in �ora types and abundance in T2DM mice after Cana
treatment (Fig. 7G). Furthermore, Cana regulated the disorder of microbial community in genus level as
follows: 1. increasing the relative abundance of Olsenella, Alistipes, and Alloprevotella (Fig. 7I,
J&K), which may be associated with a healthier microbiome, as suggested previously [88]; 2. decreasing
the relative abundance of Helicobacter and Mucispirillum (Fig. 7H&L), which was positively correlated
with TNFα and LPS contents [89]. Altogether, the above results indicated that intestinal ecosystem in
mice with diabetic CVD were adjusted to a relatively normal state by oral administration of Cana.

Key phylotypes of gut microbiota in response to Cana
treatment
To further elucidate the effects of Cana treatment on the regulation of various bacterial taxa in colon, a
pairwise comparison between the Model and the Cana groups was conducted using LEfSe analysis. It
revealed that Cana decreased the level of Firmicutes, including Sporacetigenium, Veillonella, and
Clostridium XI, while markedly increasing Bacteroidetes, including short-chain fatty acid producers such
as Alloprevotella and Bacteroides, compared with the Model group (p < 0.05) (Fig. 8A&B). And, the Cana-
treated group was characterized by a higher amount of Porphyromonadaceae, Rikenellaceae, and
Corynebacteriaceae, while a decreased in Desulfovibrionaceae and Veillonellaceae. At the genus level, the
Cana group was marked by a dramatic increase in Alistipes, Roseburia, and Corynebacterium (Fig. 8B),
which can increse the production of short-chain fatty acids (SCFAs) [90, 91]. Meanwhile, Paraprevotella,
Veillonella, Sporacetigenium, and Intestinimonas were signi�cantly reduced after Cana treatment (Fig.
8B). In general, the taxonomical distribution within groups at phylum, family, and genus levels for the
colonic samples revealed the divergent composition of communities after Cana treatment in mice with
diabetic CVD.

Using the Spearman’s correlation analysis, relationships of physiological index and bacterial
abundance were clari�ed (Fig. 8C–E). At the genus level, Parabacteroides and Alistipes were positively
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correlated with CAT and SOD, while negatively correlated with MDA, ROS, IL-1β, TNFα, LBP, and MCP-1
contents, and their relative abundances were raised after Cana treatment compared with the Model group.
In addition, Clostridium XI, Veillonella, and Paraprevotella were negatively correlated with CAT and SOD,
while positively related to MDA, ROS, and the above in�ammatory cytokines levels. Meanwhile, Alistipes
and Roseburia were negatively correlated with LDL-C, TC and TG contents, while positively related to HDL-
C level. And, Cana treatment caused an increase in the relative abundances of Alistipes and Roseburia in
mice with diabetic CVD. Moreover, Paraprevotella, Veillonella, Clostridium XI, Barnesiella presented
positively correlated with LDL-C, TC and TG contents, while negatively related to HDL-C level. These
�ndings suggest that alterations of the gut microbiome after Cana treatment lead to the decrease of
oxidative stress level, systemic in�ammation, and lipid accumulation in mice with diabetic CVD.
Collectively, these data reinforce the link between gut dysbiosis and diabetic CVD, and indicate that Cana
can manipulate gut microbiota and attenuate the CVD complications of T2DM.

Discussion
A clinical research indicated that Cana can lower the risk of cardiovascular events in patients with T2DM
[40], and yet the underlying mechanisms was still unclear. In an environment of chronic hyperglycemia,
vascular function is disrupted due to elevations in ROS and in�ammation, which play a pivotal role in the
development of diabetic CVD [92]. Our present study showed that Cana can markedly relieve the oxidative
stress and in�ammation state, which may due to the Cana maintained mitochondrial homeostasis of
cardiac tissue in mice with diabetic CVD. Mitochondrial dysfunction resulted in the overproduction of
ROS, and cardiovascular function can be improved by relieving mitochondrial dysfunction and its related
oxidative stress and systemic in�ammatory state [93]. Further understanding of oxidative stress as well
as its downstream effects on cellular function will be conducive to identify more speci�c targets for CVD
treatment [15]. Thus, mitochondria may be a potential target for diabetic CVD treatment, while further
veri�cation is required.

It has been veri�ed that gut microbiota and its metabolites affect the autophagy and damage of
mitochondria, thus regulating the mitochondrial function of host [94]. Interestingly, Cana treatment
decreased the level of Firmicutes, while markedly increasing Bacteroidetes, including SCFAs producers
such as Alloprevotella and Bacteroides, which were bene�t for alleviating hypertension and
atherosclerosis [95]. In addition, Cana administration was marked by a dramatic increase in Roseburia,
Alloprevotella, and Bacteroides, which can elevate the production of SCFAs. Furthermore, Spearman’s
correlation analysis demonstrated that the colonic microbiota composition altered by Cana treatment
was related with the blood lipid, oxidative stress, and in�ammation. Therefore, Cana subtly altered
microbiota composition in T2DM mice with CVD, which contributed to the improvement of mitochondrial
homeostasis and the progress of CVD [96].

In summary, Cana can effectively alleviate the risk factors for diabetic CVD such as oxidative stress,
in�ammation, hyperlipemia, atherosclerosis, mitochondrial disorder, thickness of vascular basement
membrane, and myocardial injury. And, the improvements of myocardial mitochondrial and gut
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microbiota homeostasis, may represent an important mechanism underlying the cardiovascular bene�ts
of Cana treatment (Fig. 9). Thus, Cana is a promising agent for relieving T2DM related CVD.

Conclusions And Limitations
In summary, our results con�rm that Cana can effectively ameliorate diabetic CVD induced by HFD
feeding. Compared with the effects of Metf (225 mg/kg/d), Cana (50 mg/kg/d) executed comparative
effects on alleviating diabetic CVD while played a better regulatory role in regulating gut microbiota to a
direction that favored the host. We found that Cana signi�cantly relieved the oxidative stress and
in�ammation in heart by maintaining myocardial mitochondrial homeostasis in mice with diabetic CVD.
Cana profoundly improved lipid homeostasis in HFD-fed mice, thus decreased the risk of atherosclerosis.
Additionally, Cana treatment could maintain a relatively normal haemogram, and reducing the thickness
of vascular basement membrane and heart injury. Importantly, Cana also alleviated diabetic CVD by
restoring colonic microbiota dysbiosis, which can conspicuously inhibit oxidative stress state, systemic
in�ammation, lipid accumulation, and maintain mitochondrial homeostasis. Altogether, our study
presents a novel therapeutic role for Cana in CVD mainly by the protective effect of myocardial
mitochondria and the role of gut microbiota modulation.

Several limitations to this current study should be noted. First, further research to clarify the precise
molecular mechanism of the associated changes in colonic microbiota that lead to the improvement of
diabetic CVD is still necessary. Second, the relationship between microbiota and CVD should be further
clari�ed utilizing fecal bacteria transplantation in antibiotic treated or germ-free mice model, which is
necessary to be comprehensively addressed in future research. In addition, the most important probiotic
strains in alleviating diabetic CVD after Cana treatment were not clari�ed.
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Figure 1

Cana administration improved glucose-insulin homeostasis in T2DM mice. Fasting blood glucose (A),
grey and brown color represent the fasting blood glucose at the 24th week and at the end of the trial,
respectively; HbA1c (B); Curve of OGTT (C) and areas under the curve (D) at the end of the trial; Curve of
IPITT (E) and areas under the curve (F) at the end of the trial; Fasting insulin (G); HOMA-IR (H);
Immuno�uorescence staining for insulin (green), glucagon (red), and nucleus (blue) (I), scale bar: 20 μm.
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Data are expressed as mean ± SEM. * p < 0.05, compared with the Control group; # p < 0.05, compared
with the Model group.

Figure 2

Effects of Cana treatment on physical parameters in T2DM mice. The gross appearance characteristics
of mice with different treatments (A); Total energy intake (B); Body weight (C), grey and brown color
represent the body weight at the beginning and at the end of the trial, respectively; Body weight gain (D);
BMI (E), calculated by body weight/height2; Energy efficiency (F), calculated by body weight gain/total
energy intake. Data are expressed as mean ± SEM. * p < 0.05, compared with the Control group; # p <
0.05, compared with the Model group; & p < 0.05, the Cana group compared with the Metf group.
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Figure 3

Effects of Cana on lipids profile in T2DM mice. Serum TG (A), TC (B), LDL-C (C), and HDL-C (D) levels; AIP
(E), calculated by lg(TG/HDL-C); AI (F), calculated by (TC-HDL-C)/HDL-C; cardiac tissues with Oil red O
staining (G), scale bar: 50 μm. Data are expressed as mean ± SEM. * p < 0.05, compared with the Control
group; # p < 0.05, compared with the Model group; & p < 0.05, the Cana group compared with the Metf
group.
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Figure 4

Effect of Cana on relieving oxidative stress and ameliorating systematic inflammation in T2DM mice.
ROS levels in cardiac tissues (A), detected by in situ DHE staining, scale bar: 50 μm; SOD (B), GSH (C),
and MDA (D) levels in cardiac tissues; The regulatory effect of Cana on cardiac mitochondria in
myocardial tissues (E). The scale bar is 5 μm and 1 μm in the upper panel and bottom panel, respectively;
Cytokine concentrations of TNFα (F), MCP-1 (G), and IL-6 (H) in serum; The immuno�uorescence staining
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of HO-1 in cardiac tissues, scale bar: 50 μm (I). Data are expressed as mean ± SEM. * p < 0.05, compared
with the Control group; # p < 0.05, compared with the Model group.

Figure 5

Effect of Cana on cardiovascular abnormalities in T2DM mice. The expression of CD31 in cardiac tissues
(A), immuno�uorescence staining for CD31 (red), and nucleus (blue), scale bar: 50 μm; Histological
analysis of vascular fibrosis with Masson’s staining (B), scale bar: 50 μm; Changes in vascular basement
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membrane observed by TEM (C), scale bar: 1 μm. * p < 0.05, compared with the Control group; # p < 0.05,
compared with the Model group; & p < 0.05, the Cana group compared with the Metf group.

Figure 6

Effects of Cana on improving myocardial injury in T2DM mice. H&E staining (A), scale bar: 20 μm; TUNEL
assay to detect apoptosis in cardiac tissues (B), blue represents nucleus while red represents fragmented
DNA, scale bar: 20 μm; Levels of cTn I (C) and sCD40L (D) in serum. * p < 0.05, compared with the Control
group; # p < 0.05, compared with the Model group; & p < 0.05, the Cana group compared with the Metf
group.



Page 29/31

Figure 7

Structural modulation of colonic microbiota by Cana treatment in T2DM mice. PCoA plot of colonic
microbiota (A); Relative abundance at the phylum level (B), including Firmicutes and Bacteroidetes (C),
Proteobacteria (D), Actinobacteria (E), Deferribacteres (F) in different groups; Relative abundance at
genus level (G), including Helicobacter (H), Olsenella (I), Alistipes (J), Alloprevotella (K), and Mucispirillum



Page 30/31

(L). Data are expressed as mean ± SEM. * p < 0.05, compared with the Control group; # p < 0.05,
compared with the Model group; & p < 0.05, the Cana group compared with the Metf group.

Figure 8

LEfSe and Spearman’s correlation analyses. LEfSe analyzed the most differential taxons between the
Model and the Cana groups (A). The Model group-enriched taxa (dark blue) are shown with a negative
LDA score, while the taxa increased by Cana treatment (orange) have a positive score (B). Model, HFD-fed
mice; Cana: HFD with 50 mg/kg/d of Cana; Heatmap of Spearman’s correlations analysis between
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physiological indices and bacteria at genus level (C-E). The abscissa represents the physiological indices,
and the ordinate represents the bacterial species. The shade of color directly indicates the correlation
between physiological indices and bacteria. The correlation between microbial species and biomarker
was visualized by color depth: the darker the color, the more relevant it is. + : p < 0.05, * : p < 0.01.

Figure 9

The possible mechanism of Cana on alleviating diabetic CVD.
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