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Abstract

:

The beneficial cardiovascular effects of exercise are well documented, however the mechanisms by which exercise improves vascular function in diabetes are not fully understood. This study investigates whether there are (1) improvements in blood pressure and endothelium-dependent vasorelaxation (EDV) and (2) alterations in the relative contribution of endothelium-derived relaxing factors (EDRF) in modulating mesenteric arterial reactivity in male UC Davis type-2 diabetes mellitus (UCD-T2DM) rats, following an 8-week moderate-intensity exercise (MIE) intervention. EDV to acetylcholine (ACh) was measured before and after exposure to pharmacological inhibitors. Contractile responses to phenylephrine and myogenic tone were determined. The arterial expressions of endothelial nitric oxide (NO) synthase (eNOS), cyclooxygenase (COX), and calcium-activated potassium channel (KCa) channels were also measured. T2DM significantly impaired EDV, increased contractile responses and myogenic tone. The impairment of EDV was accompanied by elevated NO and COX importance, whereas the contribution of prostanoid- and NO-independent (endothelium-derived hyperpolarization, EDH) relaxation was not apparent compared to controls. MIE 1) enhanced EDV, while it reduced contractile responses, myogenic tone and systolic blood pressure (SBP), and 2) caused a shift away from a reliance on COX toward a greater reliance on EDH in diabetic arteries. We provide the first evidence of the beneficial effects of MIE via the altered importance of EDRF in mesenteric arterial relaxation in male UCD-T2DM rats.
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1. Introduction


The prevalence of type-2 diabetes (T2D) is rising globally due to obesity and physical inactivity on top of genetic predispositions, among other factors. Cardiovascular diseases (CVD) are the leading cause of mortality and morbidity in diabetic patients [1,2]. It is generally believed that T2D and CVD can be prevented and managed with healthy food choices and routine physical activity [3].



Increased CVD risk in diabetes is associated with vascular structural, mechanical, and functional alteration such as an increased wall to lumen ratio, stiffness and endothelial dysfunction. Vascular endothelial dysfunction is a hallmark of vascular disease; it is defined as reduced endothelium-dependent vasorelaxation (EDV) in response to vasodilators, such as acetylcholine (ACh). EDV is generally used as a reproducible parameter to investigate endothelial function under various pathological conditions. Impaired EDV has been reported in both type-1 and type-2 diabetes [4,5,6]. This could be due to the reduced production and/or release of endothelium-derived relaxing factors (EDRF). Some examples of these EDRF include nitric oxide (NO), prostacyclin (PGI2), and NO- and prostanoid-independent mediators. The contribution of various EDRF to EDV likely depends on the vascular beds. For example, NO is the major vasorelaxant in large conduit arteries. In small resistant arteries, NO- and prostanoid-independent or endothelium-dependent hyperpolarization (EDH) mediators are the major contributors [4,7]. In addition to EDRF, impaired EDV could be related to the increased production of endothelium-derived contractile factors (EDCF).



The pathology of cardiovascular dysfunction in T2D can be further elucidated with an appropriate animal model. This study utilizes a polygenic rodent model of T2D—the UC Davis type-2 diabetes mellitus (UCD-T2DM) rat model—in order to investigate vascular dysfunction in mesenteric arteries of this model. In particular, these rats exhibit polygenic adult-onset obesity, pancreatic beta-cell decompensation, preserved leptin signaling, and insulin resistance [8,9]. In our previous study, we demonstrated that in both large and small resistance arteries, NO and EDH-type contributions to EDV were altered in UCD-T2DM rats [6,10].



Exercise has beneficial effects on the cardiovascular system and is an important component of health related to the immune system [11,12]. Regular aerobic exercise is a well-known therapeutic intervention for endothelial dysfunction and CVD risk in T2D [13], yet the exact mechanisms by which exercise improves vascular function in diabetes remain poorly understood. Moreover, most studies have used large arteries to investigate the effects of exercise on vascular function and structure in diseased models; minimal attention has been given to the vital role that resistance arteries play in regulating blood pressure during exercise. Thus, the aim of our study was to determine whether the blood pressure and responses to endothelium-dependent vasodilators as well as vasoconstrictors in the mesenteric arteries of rats were affected after exercise. Specifically, we studied whether there were (1) improvements in blood pressure and EDV and (2) alterations in the relative contribution of EDRF in modulating mesenteric arterial reactivity in male UCD-T2DM rats, following an 8-week moderate-intensity exercise (MIE) intervention. We also investigated the effects of MIE on the responses to vasoconstrictor and the myogenic tone as well as on the arterial expression of endothelial nitric oxide (NO) synthase (eNOS), cyclooxygenase (COX), and intermediate conductance calcium-activated potassium channel (IKCa) and small-conductance calcium-activated potassium channel (SKCa) in male UCD-T2DM rats.



We hypothesized that the improvement of arterial relaxation by MIE occurs via the alteration of the relative contributions of EDRF and/or EDCF in addition to the induction of changes in the arterial wall structure and myogenic tone in mesenteric arteries of this model of T2D.



This study demonstrates that 8 weeks of MIE improved systolic blood pressure (SBP) as well as vasorelaxation in the mesenteric arteries of male UCD-T2DM rats. Here, we provide the first report of the specific impact of MIE on the modulation of the relative importance of EDRF in vascular reactivity as well as myogenic tone and wall properties which could, in part, explain the improved EDV observed in the UCD-T2DM rat model.




2. Materials and Methods


2.1. Materials


All chemicals were purchased from either Fisher Scientific (Waltham, MA, USA) or Sigma-Aldrich (St. Louis, MO, USA), unless otherwise noted.




2.2. Experimental Animals


The UCD-T2DM rats were generated by selectively breeding obese Sprague Dawley (SD) rats with Zucker Diabetic Fatty (ZDF) lean rats at the animal facility in the Department of Nutrition at the University of California, Davis [8]. The model is well validated and characterized by >34 previous publications [9]. For this study, we selected 19–20 week-old male UCD-T2DM rats that had developed overt diabetes. Animals were considered diabetic when non-fasting blood glucose levels were higher than 300 mg/dL and exhibited the major sequelae of hyperglycemia: polyuria, polydipsia, and polyphagia. The diabetic animals used in the study were diabetic for 32 ± 2 days. Age-matched male SD rats were ordered from the Simonsen laboratory (CA).



Only male rats were used for this study because of the relatively homogeneous metabolic phenotype of male animals compared with female animals in the UCD-T2DM and SD rat models. Furthermore, generating female UCD-T2DM rats at an age comparable to that of the male UCD-T2DM rats would have required the addition of a high fat/sugar diabetogenic diet.



Both SD (control) and diabetic rats were randomly divided into either exercise-trained or sedentary groups. In total, four experimental groups were selected: (1) Control Sedentary (CS), (2) Control Exercise-Trained (CE), (3) Diabetic Sedentary (DS), and (4) Diabetic Exercise-trained (DE).



All rats were maintained in a humidity- and temperature-controlled room with a 12 h light/dark cycle and ad libitum access to water and standard rodent chow (Mazuri rodent chow), except when fasting (described below). The euthanasia processes were completed in accordance with the AVMA Guidelines for the Euthanasia of Animals, 2013 edition, and the NIH Guidelines for the Care and Use of Laboratory Animals Eighth Edition. In addition, all animal protocols were approved by the Institutional Animal Care and Use Committee of the University of the Pacific. After the rats were sacrificed, the isolated mesenteric arterial function and wall characteristics were investigated using the wire myograph and pressure myograph technique.




2.3. Maximal Oxygen Consumption


For acclimation, the exercise-trained groups were acclimatized with the treadmill for 5 days before the 8-week experimental MIE period by being placed on an unmoving treadmill for 5 min, after which running was motivated by a sporadic very low or minimum (0.4 mA) electrical shock at the rear of the apparatus and the treadmill was engaged to a walking speed of 15–18 m/min for 5 min.



For the maximal oxygen consumption, after acclimation, the rats underwent MIE over the next 8 weeks. MIE is defined as the exercise intensity at which oxygen consumption reaches 50–65% of the maximum oxygen consumption (VO2max). The MIE protocol was selected based on prior published works [14,15]. Previous studies in rodents have used a treadmill speed ranging from 12–18 m/min with various inclinations for MIE [16,17,18]. In the current study, rats ran (5 days/week for 8 weeks) on a treadmill (Panlab Harvard App models, LE8706TS and LE8715TS) for 5 min at low speed, at 40–50% of the VO2max (~10 m/min) for warm up, and then were subjected to an exercise session of 2 bouts of 25 min moderate-intensity running on a treadmill at 0° inclination, running at 55–60% of the VO2max (~15–18 m/min) alternating with 5 min of active recovery (running at 40–50% of the VO2max) (~10 m/min). The sedentary group was placed on the stationary treadmill 3 times a week to provide a matched environment without MIE.




2.4. Measurement of Metabolic Parameters in the Plasma


Blood glucose, triglycerides, plasma insulin, and glycated hemoglobin (HbA1c) were measured. We measured triglycerides and blood glucose levels in 12-h fasted rats via a drop of blood collected from the tail vein and specific test strips (Roche Farma, Barcelona, Spain). Triglycerides were measured with a point-of-care hand-held Accutrend Plus System device. Glucose was measured with a standard glucose test meter (OneTouch, LifeScan, Milpitas, CA, USA). After euthanizing the rats, additional blood samples were collected in tubes containing heparin and sodium citrate via intracardiac puncture. These tubes were centrifuged (at 4 °C, 10,000× g for 5 min), and then plasma was collected and aliquoted into new tubes, which were then stored at −80 °C for further analysis. Blood collected via intracardiac puncture was also used for HbA1c level analysis using the A1cNow kit (PTS diagnostics, Sunnyvale, CA, USA) in accordance with manufacturer instructions. Rats with HbA1c greater than 6.5% on two separate tests were considered diabetic. Plasma insulin levels were measured using ELISA kits compliant with the manufacturer’s protocol (Mercodia, Uppsala, Sweden).




2.5. Blood Pressure Measurement


Blood pressure in the unanesthetized rats was measured using the CODA® noninvasive rat tail-cuff method (Kent Scientific, Torrington, CT, USA) following the manufacturer’s protocol and as previously described by others [19,20] and ourselves [21]. Briefly, rats were placed in restraints and heating chambers in order to be acclimatized to the dark, quiet and warm, quiet environment for about 30 min prior to the blood pressure measurement. SBP was measured between 10 a.m. and 3 p.m. prior to the start of exercise (0 week) and after 8 weeks of exercise. The rats were given a week to habituate to the procedure prior to the experiments.




2.6. Measurement of Mesenteric Arterial Tension


After isolating third-order mesenteric arteries from surrounding tissues, veins, and fat, the branches were cut precisely into 2 mm rings. Each ring was then mounted in an organ bath, between the two jaws of a wire myograph (model 610M, Danish Myo Technology (DMT), Hinnerup, Denmark) with the help of two tungsten wires (diameter 40 μm). The organ bath contained a Krebs solution of 119 mM NaCl, 25 mM NaHCO3, 1.2 mM KH2PO4, 1.2 mM MgSO4, 1.6 mM CaCl2, 4.7 mM KCl, 0.023 mM EDTA, and 6 mM glucose at 37 °C, bubbled with 95% O2–5% CO2. The variation in arterial isometric tension was monitored using a computer-based data acquisition system (Labchart version 7.3.8, Powerlab; ADInstruments, Colorado Springs, CO, USA). By using a built-in normalization module in the wire myograph (compliant with guidelines provided in the DMT manual and published reports), the arteries were normalized to a resting passive pressure of 13.3 kPa [22,23]. The micrometer was gradually increased until a pressure of approximately 13.3 kPa/100 mmHg was achieved. Importantly, the micrometer was not moved back after reaching 13.3 kPa, and thus our normalization factor was close to 1.0. The tissues were subsequently equilibrated for 30 min to establish a basal tone, and then an 80 mM KCl solution was used two times for a short period in order to stimulate the arterial segments. To evaluate endothelial viability, ACh (10 μM)-induced relaxation was recorded in phenylephrine (PE, 2 μM)-precontracted arteries. Following this, the drugs were rinsed out, the vessels were re-equilibrated for 30 min, and a cumulative concentration response curve (CRC) to PE (10−8 to 10−5 M) was performed. For the vasorelaxation studies, the arteries were precontracted with 2 μM of PE which induced approximately 80% of the contraction achieved by 10 μM of PE [22,23,24].



2.6.1. Relaxation Responses to ACh


Increasing concentrations of ACh (10−8 to 10−5 M) were added to the PE (2 μM)-precontracted artery rings to obtain the CRC. The vascular relaxation response to ACh (10−8 to 10−5 M) in mesenteric arterial rings was then obtained after pretreatment with indomethacin (Indo, 10 μM, a blocker of the cyclooxygenase (COX)), followed by the addition of a Nω-nitro-L-arginine methyl ester (L-NAME, 200 μM, nitric oxide synthase (NOS) blocker) and then a combination of apamin (1 μM, small-conductance calcium-activated potassium channel (SKCa) inhibitor) and 1-[(2-Chlorophenyl) diphenylmethyl]-1H-pyrazole (TRAM-34, 1 µM, intermediate conductance calcium-activated potassium channel (IKCa) inhibitor) [24,25].




2.6.2. Relaxation Responses to Sodium Nitroprusside (SNP)


The CRC to SNP (10−9 to 10−5 M) was obtained in mesenteric arteries precontracted with PE (2 μM) after 20 min preincubation with a combination of indomethacin (Indo, 10 µM), L-NAME (200 µM), apamin (1 µM) and TRAM-34 (1 µM).




2.6.3. Contractile Responses to PE


The CRC to PE was obtained by the addition of increasing concentrations of PE (10–8 to 10–5 M) to the wire myograph chamber. The concentrations of drugs used to generate relaxation or contraction curves were based on our previous reports [4,6,25].




2.6.4. Measurement of Myogenic Tone and Wall Thickness


The third-order mesenteric arteries were isolated by clearing them from fat and other connective tissues (as described above) and mounted on the glass cannula of a DMT pressure myograph (model 114p). Both ends of the artery were secured on the cannulas by a thin nylon suture so that the artery and the cannulas together made a closed system. The mesenteric artery was then checked for any leak by pushing a small amount of the Krebs solution into the system. When the arteries maintained a bulbous formation, the system was considered a closed system. Care was taken not to introduce any bubbles into the system. The mesenteric artery was then pressurized to 160 mmHg and checked for any bends. Any bend observed in the mesenteric arterial segment was corrected by stretching the artery using the horizontal movement screw. The mesenteric arterial segment was allowed to rest at 60 mmHg for 20 min with a physiological saline solution (PSS) bubbled with 95% O2 -5% CO2 (at a pH of 7.35–7.40 in the bath) maintained at 37 °C, and then the viability of the arteries was determined by assessing ACh (10 µM)-mediated relaxation in the PE (2 µM)-precontracted arteries. The artery segment was washed and allowed to rest for 20 min before moving onto the pressurized experiments.



Mesenteric arterial inner and outer diameter, wall thickness, and myogenic tone were then assessed in mesenteric arteries from the experimental groups over increasing intraluminal pressures in steps between 20 and 120 mmHg. Spontaneous tone was allowed to develop at each pressure until a stable diameter was achieved in a 5 min interval (active diameter, AD). Passive diameter (PD) at 60 mmHg in a Ca2+-free physiological salt solution was determined to calculate the myogenic tone at this pressure. The myogenic tone was expressed as a percent of the PD and calculated as (PD60mmHg − AD60mmHg)/PD60mmHg × 100 [24].





2.7. Western Blot Analysis


All tissue samples harvested after euthanizing the animals were flash frozen by liquid nitrogen and stored at −80 °C for later analysis. The mesenteric arteries were micronized using the gentleMACS tissue dissociator (Miltenyi Biotech, Bergisch, Germany), following the manufacturer’s protocol for protein extraction. A commercial RIPA buffer supplemented with a phosphatase and protease inhibitor cocktail (ThermoFisher Scientific, Waltham, MA, USA) was used to obtain the total protein extracted from the tissues. Briefly, for processing by the gentleMACS tissue dissociator, tissues were placed in M-tubes (Miltenyi Biotech, Bergisch, Germany) containing the RIPA buffer, phosphatase, and protease inhibitor cocktail. The protein extraction protocol was selected from the menu and after 1 min the blended tissue extract was centrifuged at 15,000× g for 15 min at 4 °C, and supernatants were collected. The total protein concentration of the extract was determined by a BCA gold assay (Thermo Fisher Scientific, Waltham, MA, USA). An amount of 20–30 μg of protein for each sample was loaded in sodium dodecyl sulfate poly acrylamide gels (SDS-PAGE) and subjected to gel electrophoresis. Protein was then transferred to 0.45 μm nitrocellulose membranes (Bio Rad Laboratories Inc., Hercules, CA, USA), blocked for 1 h at room temperature with 5% w/v BSA in 0.1% Tween 20-Tris-buffered saline (TBS), and incubated overnight at 4 °C with primary antibodies similarly to the previous method described by us [10,25]. Primary antibodies were obtained either from Cell Signaling Technology (Danvers, MA, USA) or Abcam (Cambridge, MA, USA). From Cell Signaling, the primary antibodies for endothelial nitric oxide synthase (eNOS) (#32027) and cyclooxygenase-1 (COX-1) (#4841S) were obtained. From Abcam (Cambridge, MA, USA), we obtained antibodies against cyclooxygenase-2 (COX-2) (#ab15191), IKCa (KCa3.1) (#ab215990), and SKCa (KCa2.3) (#ab220864). These primary antibodies were all diluted to 1:1000. The membranes were incubated with primary antibodies overnight. Then, the membranes were washed 4 times and incubated for 1 h at room temperature with the IRDye 680 Donkey anti-Rabbit IgG secondary antibody (diluted to 1:10,000, LI-COR, Lincoln, NE, USA). Finally, after the removal of the secondary antibody, the membranes were washed 4 times with TBS containing 0.1% Tween-20. The LICOR Odyssey imaging system was used to detect the bands. These bands were quantified via densitometry using LI-COR Image Studio Lite (version 5.2, Lincoln, NE, USA). Blots were incubated with GAPDH antibodies (#2118, Cell Signaling Technology, Danvers, MA, USA). In order to confirm uniformity in the protein loading, the blots were normalized to the GAPDH level and expressed as fold changes from the control group.




2.8. Statistical Analysis


Vasorelaxation in responses to ACh and SNP were expressed as the percentage of relaxation response from the maximum PE (2 μM) contraction at each concentration. Using a sigmoidal concentration response model with a variable slope via GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA), the concentration that produced half of the maximum relaxation (EC50) was calculated. This was then expressed as sensitivity to the agonist, pD2 values (-logEC50). The maximum tension in response to the contractile agent (including PE) was expressed as Tensionmax. The maximum relaxation response to the agonist was expressed as Rmax. To compare the means between the different groups—for example: those of EC50, Rmax, blood glucose level, blood pressure—one-way ANOVA was used. When the one-way ANOVA returned a value of p of < 0.05, we determined which groups were different from each other using Tukey’s post hoc test. Student’s paired t-test was used for comparisons of blood pressure before MIE (pre-MIE at 0 week) and after MIE (post-MIE after 8 weeks) within a group. A two-way ANOVA with repeated measures followed by Tukey’s post hoc test was used to compare the CRCs between the different groups, with concentration being considered a repeated measure. A two-way ANOVA with repeated measures followed by Bonferroni’s post hoc analysis was used to compare the CRC before and after treatment with drugs within a group. A one-way ANOVA and Tukey’s post hoc test were used for a statistical analysis of protein expression.





3. Results


3.1. Effects of MIE on Metabolic Parameters and Blood Pressure


MIE significantly reduced body weight in the diabetic group; however, this did not reach to the level observed in the control groups. The body weight was 383.3 ± 4.2 g in the CS group and 366.7 ± 5.1 g in the CE group, and 559.3 ± 30.4 g in the DS group and 469.3 ± 6.2 g in the DE group (Figure 1A). The intra-abdominal adipose tissue level (located around mesentery and omental) normalized to body weight was significantly higher in the DS group compared to the exercise-trained (CE and DE) groups (Figure 1B). Similarly, when circulating triglyceride levels were compared, the DS group showed significantly higher triglyceride levels (3.52 ± 0.3 mmol/L) compared to the CS, CE, and DE groups (1.35 ± 0.2 mmol/L, 1.36 ± 0.1 mmol/L, and 1.54 ± 0.2 mmol/L, respectively). However, MIE had no significant effect on blood glucose, HbA1c, and plasma insulin levels regardless of health status. Blood glucose and HbA1c levels were higher, and plasma insulin levels were lower in the diabetic groups than in the control groups (Figure 1D–F).



It has been shown that hypertension is an important cardiovascular risk factor [26]. We, therefore, measured blood pressure in UCD-T2DM rats prior to the start of exercise (0 week) and after 8 weeks of exercise. As shown in Table 1, systolic blood pressure (SBP), diastolic blood pressure (DBP) and mean arterial pressure (MAP) were significantly higher in the diabetic groups compared with those in the control animals prior to MIE (0 week). MIE significantly reduced SBP in the DE group compared to the DS group. Although the DBP and MAP were lower in the DE group than in the DS group, the differences were not statistically significant.



When we compared the measurements of blood pressure before and after MIE within the respective groups, we observed a reduction in SBP in the CE group and reductions in SBP, DBP and MAP in the DE group (p < 0.05 vs. 0 week within the respective group; Student’s paired t-test). However, a reduction in MAP was also observed in the DS group after 8 weeks compared to 0 week. Therefore, other factors such as reduced stress due to acclimatization to the measurement of blood pressure could have contributed to the improvement in blood pressure observed in the animals.




3.2. Effects of MIE on Relaxation Responses to ACh


Both sensitivity (pD2) and maximal response (Rmax) to ACh were significantly lower in the mesenteric arteries from DS rats compared with those of the rats in the CS group. Interestingly, exercise enhanced the ACh response only in the mesenteric arteries of the diabetic group (DE group); the Rmax to ACh in mesenteric arterial rings in the DE group (90.74 ± 2.4%) was markedly enhanced compared to that in the DS group (59.85 ± 2.2%) (Figure 2, Table 2). Similarly, mesenteric arteries from the DE group showed improved sensitivity to ACh (6.72 ± 0.1) compared to the respective sedentary group (5.80 ± 0.2).




3.3. Effects of MIE on the Relative Contribution of EDRF


The relative contributions of COX metabolites, NO, and EDH mediators to the vasorelaxation induced by ACh were estimated by sequentially inhibiting COX, NOS, and a combination of small and intermediate-conductance calcium-activated potassium channel (SKCa and IKCa) inhibitors as previously reported by us and others [25,27,28]. The inhibition of COX by Indo (10 µM) enhanced the ACh-induced Rmax from 59.85 ± 2.2% to 98.61 ± 0.4% in arteries from the DS group only, suggesting the elevation of contractile COX metabolites in the DS group (Figure 3C, Table 3). The addition of L-NAME (200 µM) resulted in a reduction in ACh-induced vasorelaxation in arteries from both the CS and DS groups. However, the effect was more prominent (and almost completely blocked ACh relaxation) in the DS group (CS vs. DS group, Figure 3A,C). The difference in area under the curve (ΔAUC) between ACh CRCs before and after addition of inhibitor was calculated as described in our previous study [29]. Particularly, an intriguing observation was that MIE partially restored the loss of EDH-mediated relaxation in male UCD-T2DM rats (DS vs. DE group, Figure 3C,D). The Rmax of ACh-induced vasorelaxation after Indo + L-NAME was 10.27 ± 3.7% and 38.58 ± 13.9% in the DS and DE groups, respectively. Additionally, the ΔAUC of Indo and L-NAME-resistant relaxation was significantly lower in the DS group (6.24 ± 1.83) compared to the DE group (48.38 ± 9.1) (Figure 3C,D, gray shaded area; Table 3, column of Indo + L-NAME + Apamin + TRAM-34). Furthermore, unlike in the DS group, the inhibition of COX with Indo did not affect ACh responses in mesenteric arteries of the DE group (DS vs. DE, Figure 3C,D).




3.4. Effects of MIE on COX, eNOS, and KCa Expression


To investigate the possible mechanism by which the COX, NO, and EDH contribution to ACh-induced relaxation might have been altered in the diabetic male rats, the protein expression levels of COX-1 and COX-2, eNOS, and SKCa and IKCa in mesenteric arteries were measured using Western blotting.



Arteries taken from the DS group exhibited a greater level of both COX isoforms than those taken from the exercise-trained groups (CE, and DE). As shown in Figure 4, the expression of both COX-1 and COX-2 was elevated in the mesenteric arteries of the DS group compared to those of the other experimental groups (although the COX-1 expression in DS arteries did not reach a significant level when compared with CS arteries).



There were no significant changes in the expression of eNOS in the mesenteric arteries of the controls (CS and CE groups) (Figure 5). However, according to the elevated importance of NO in ACh-induced relaxation in the mesenteric arteries of the diabetic groups (Figure 3C,D), the Western blot analysis revealed that the expression of eNOS was significantly elevated in the arteries of the diabetic animals (DS and DE groups) compared with the corresponding levels in the arteries of the controls (CS and CE groups) (4-folds and 3.25-folds, respectively) (Figure 5).



The Western blot analysis also showed that there were no significant changes in the expression of IKCa in the mesenteric arteries of the experimental groups (Figure 6A). However, the level of SKCa expression was significantly decreased in the arteries of the DS group compared with those of the controls. On the other hand, the level of SKCa expression was significantly increased (1-fold) in the mesenteric arteries of the DE animals compared with those of the animals in the DS group (Figure 6B).




3.5. Effects of MIE on the SNP-induced Relaxation


To investigate whether impaired smooth muscle sensitivity to NO led to reduced mesenteric arterial relaxation in the DS rats, we examined the relaxation responses to SNP (NO donor) in mesenteric arteries precontracted with PE. There was no difference in the pD2 and Rmax in response to SNP-induced relaxation regardless of the fact that MIE was performed and/or the health status in any of the experimental groups (Supplementary Figure S1 and Supplementary Table S1).




3.6. Effects of MIE on the PE-induced Contraction


Next, we examined whether the impairment of ACh relaxation in the DS group was due to the altered contractile response of the arteries. The CRC to PE (10−8 to 10−5 M) in mesenteric arteries was, therefore, compared among experimental groups (Figure 7). The maximum contractile response to PE (Tensionmax) was higher in the arteries of the DS group compared to those in the controls and the DE group (Figure 7, Table 4). In contrast, the sensitivity to PE was not higher in the DS group. MIE significantly reduced the PE-induced maximal tension in the arteries of the diabetic rats (DE) to the same level as those of CS and CE rats.




3.7. Effects of MIE on the Myogenic Tone


Microvasculature regulates blood flow to organs by virtue of the myogenic tone (constriction in response to intraluminal pressure) and therefore ensures smooth blood flow to organs despite changes in systemic hemodynamics. Mesenteric arterial myogenic tone was assessed over increasing intraluminal pressures (20–120 mmHg). The myogenic tone in DS arteries was significantly higher compared to that in the arteries in the other groups (Figure 8). MIE significantly reduced the myogenic tone in the DE group, although it did not reach the level observed in the control groups (the CS and CE groups). There was no difference in the myogenic tone (%) between CS and CE rats.




3.8. Effects of MIE on Wall Thickness


Increased intima–media thickness (IMT) could be an early marker of atherosclerosis [30]. Adverse mesenteric arterial remodeling in diabetic models has been reported [31,32]. In the current study, wall thickness was measured to investigate the effect of diabetes and MIE on mesenteric arterial remodeling. The mesenteric arteries taken from the DS group exhibited a significantly higher wall thickness compared to all other groups. However, the wall thickness of the DE group was comparable to that of the control groups. There was no difference in the mesenteric arterial wall thickness among the CS, CE, and DE groups (Figure 9).





4. Discussion


Here, we provide the first report of the impact of an 8-week MIE on the modulation of the relative importance of EDRF in vascular reactivity in mesenteric arteries of male UCD-T2DM rats. Specifically, our data indicate that MIE causes a shift from contractile COX to NO and EDH-type relaxation in diabetic rat arteries. This was in addition to the beneficial changes induced by MIE to the SBP, myogenic tone, and wall thickness in the mesenteric arteries of male UCD-T2DM rats.



Physical activity emerges as an effective strategy in the prevention and treatment of T2D [33]. A number of studies have demonstrated that exercise improves glucose homeostasis and insulin sensitivity [34,35,36]. According to the American College of Sports Medicine and American Diabetes Association, weekly 150 min of moderate to vigorous intensity exercise may help in losing weight [37,38]. However, 60 min of daily physical activity may be required when relying on exercise alone to lose weight [37]. Long-term adherence to exercise in individuals with T2D is problematic [39]. Here, we investigated the impact of short-term (8 weeks, 50 min/day, 5 days/week) of MIE on the potential improvement of vascular function in male UCD-T2DM rats.



Impaired EDV as a measurable parameter of endothelial dysfunction is a hallmark of CVD in diabetes. Several studies, including ours, have reported the impairment of EDV in diabetes [4,6,40,41,42]. In accordance with our recent report [6] on the impairment of EDV in the mesenteric arteries of male UCD-T2DM, we showed that EDV was impaired in the mesenteric arteries of sedentary male UCD-T2DM rats; mesenteric arteries from DS rats exhibited a shift of ACh CRC to the right (Figure 2), along with a reduction in sensitivity to ACh.



The beneficial effects of exercise against vascular dysfunction in diabetes have been reported [43]. Sakamoto et al. reported that exercise training but not food restriction prevented endothelial dysfunction in type-2 diabetic Otsuka Long–Evans Tokushima fatty (OLETF) rat aorta, indicating exercise as the major physiological stimulus required for improving aortic function in diabetes [44]. In the current study, MIE improved the EDV response to ACh in the mesenteric arteries of the DE group compared to those of DS rats, as indicated by the increased Rmax and sensitivity to ACh, without changing the glycemic status. Similarly, Moien-Afshari et al. reported that MIE enhanced the aortic function of db/db mice without changing hyperglycemic condition [41].



Insulin resistance plays an important role in the pathophysiology of T2D. Here, a comparable trend between vascular dysfunction and decreased insulin levels and subsequently increased glucose and HbA1C levels was observed in the DS group. Previous studies on different animal models of diabetes and insulin resistance demonstrated an impaired PI3K/AKT-dependent pathway in the vasculature of the tested animals, while ERK1/2 signaling was maintained or enhanced [45,46,47]. Accordingly, we recently reported a reduction in the p-AKT level in the mesenteric arteries of male UCD-T2DM rats [6]. In the current study, MIE did not alter the plasma insulin, blood glucose, and HbA1c levels in either the control or diabetic groups. In agreement with our observation, Knudsen et al. reported that the level of insulin was not changed after a single bout of MIE in T2D patients [48]. On the other hand, our data revealed that 8 weeks of MIE reduced body weight, abdominal adiposity, the triglyceride level as well as SBP in the DE rats compared to their sedentary counterparts (DS). Previous studies also reported that changes in triglyceride levels were observed in both ZDF rats and patients of coronary heart diseases after 8 weeks of aerobic exercise training [49,50].



Hypertriglyceridemia is shown to be an independent risk factor for CVD, and it contributes to the development of hypertension [51]. Elevated serum triglyceride increases endothelial cell permeability followed by increasing TNF-α secretion, adhesion molecule expression and oxidative stress. Thus, the proatherogenic and proinflammatory properties of triglyceride molecules lead to endothelial dysfunction [52,53]. A number of studies in animal models as well as in humans reported an inverse relationship between circulating triglyceride levels and endothelial functions [51,54,55,56]. In similar lines, we previously reported an impairment of EDV in both aorta and mesenteric arteries of Sprague–Dawley rats supplemented with a high-fructose, but not high-glucose, diet [21,29]. In the same reports, we demonstrated that the level of triglyceride concentration was significantly increased only in blood taken from fructose-supplemented rats, indicating that elevated triglyceride levels could be involved in endothelial dysfunction. This theory is further supported in the present study by the observation of the improvement of both plasma triglyceride levels and EDV by MIE, suggesting that the improvement of endothelial function in the DE group could be explained, in part, by the decreased triglyceride level in this group.



Endothelial function is regulated differently in large vessels compared to small vessels. Although NO is generally considered the principal mediator of EDV, it has become clear that EDH is an important contributor to EDV, especially in small arteries such as mesenteric arteries. Tomioka et al. reported that the EDH contribution to EDV is inversely proportional to the vessel diameter [57].



We and other investigators have shown that both NO-dependent and NO-independent mechanisms are involved in vasorelaxation in rat mesenteric arteries [4,58]. Nevertheless, the specific roles of NO and NO-independent pathways (COX and EDH) on the beneficial impact of exercise training in pathophysiological conditions such as diabetes are less clear.



Here, incubation of the DS arteries with indomethacin increased the maximum relaxation response to ACh, suggesting that the contribution of COX (likely its contractile metabolites) in modulating the vascular reactivity of mesenteric arteries was enhanced in the DS group (Figure 3C). In the presence of Indo and L-NAME, the decrease in vasorelaxation is considered to represent the role of NO, and the remaining vasorelaxation response to ACh is referred to as the L-NAME/Indo-insensitive component, or EDH-type relaxation [28,59,60]. Recent studies demonstrated that KCa channels are important for EDH-type vasorelaxation in rat mesenteric arteries. Although the KCa current was not measured in the current study design, our data on the sensitivity of the remaining L-NAME/Indo-insensitive component to the combination of apamin and TRAM-34 suggest that SKCa and IKCa channels were critical for EDH-type vasorelaxation in the mesenteric arteries of the experimental groups [61].



We previously demonstrated that EDH-type relaxation was diminished, whereas the dependency on NO-mediated relaxation was enhanced in diabetic mesenteric arteries [4,6]. Similarly, in the current study, we observed a loss of EDH-type relaxation with an increased dependency on NO-mediated relaxation in the mesenteric arteries of the DS group (Figure 3C). Specifically, the addition of L-NAME in all of the experimental groups led to a further decrease in EDV (Figure 3A–D). However, there was a more prominent blunting of ACh-mediated vasorelaxation due to the added effect of L-NAME in the arteries of diabetic rats. These data suggest that, in the diabetic groups, regardless of their physical activity status, the NO contribution to the mesenteric arterial relaxation responses was elevated (Figure 3C,D; Table 3). Notably, compared with the control groups, L-NAME completely blocked the remaining relaxation responses to ACh in the arteries from the DS group (Figure 3A–C).



The increased NO contribution may be explained by the elevated eNOS expression (Figure 5) observed in arteries from the DS and DE groups. Our finding is in agreement with the findings of previous reports which described increased eNOS expression in the heart and aorta of a type-2 diabetic Goto- Kakizaki rat model [62,63]. Despite the higher relative importance of NO and elevated eNOS expression, vascular relaxation was significantly impaired in the DS group, possibly due to loss of EDH (a major mediator of vasorelaxation in small arteries). Furthermore, any increase in NO has the potential for free radical-mediated damage, particularly under conditions of oxidative stress in diabetes, in which peroxynitrite is formed more easily [4]. It is also important to note that the augmented L-NAME (a nonselective NOS inhibitor) responses in the arteries from the diabetic rats (Figure 3C,D) may have also involved uncoupled eNOS, a major source of vascular superoxide in diabetes [64].



The elevated NO contribution in the diabetic mesenteric arteries could have been a compensatory mechanism for the loss of EDH-type relaxation. Previous studies suggested that an inverse feedback relationship exists between NO and EDH. NO reduced the EDH release in rabbit carotid and porcine coronary arteries [65,66]. Moreover, an elevated EDH-mediated response was reported to compensate for decreased NO-mediated relaxation in arteries from diabetic rats [67,68]. Kilpatrick and Cocks reported that in the absence of basal NO production, the L-NAME-insensitive (EDH) component of vasorelaxation was upregulated [69]. Here, our data suggest that the inhibition of NOS by L-NAME does not lead to an increase in EDH importance in EDV of DS arteries (Figure 3C). On the other hand, following NOS inhibition, we showed a complete loss of the EDH contribution to ACh relaxation, possibly due to the significant decrease in SKCa expression in the DS arteries (Figure 3C and Figure 6). Previously, we and others have also reported an attenuation in EDH response in mesenteric arteries from type-2 diabetic animals [6,70]. Specially, in pathological conditions such as hypertension, atherosclerosis, and diabetes, altered EDH-mediated relaxation was reported [71].



Here, we have demonstrated a shift of NO and EDH in arteries of normoglycemic control groups to COX and NO in arteries from DS rats. Unlike in the DS group, the inhibition of COX with Indo had no effect on the ACh response of the DE group, while the inhibition of NOS by L-NAME reduced (but did not completely block) ACh relaxation. Intriguingly, these data suggest that MIE caused a loss of the COX contribution while partially restoring EDH-mediated relaxation (possibly via enhanced SKCa expression) in the mesenteric arteries of the DE rats (DS vs. DE, Figure 3C vs. Figure 3D). Along similar lines, Minami et al. reported that 9 weeks of exercise training improved EDH contribution in the mesenteric arteries of type-2 diabetic OLETF rats [72]. Although both studies disclose an elevation in EDH in exercise-trained diabetic vasculature, here we also observed a shift away from COX to EDH-mediated relaxation in arteries from the DE group. The OLEFT rats were found to develop a satiety disorder due to the lack of CCK-1 receptors and the upregulation of neuropeptide Y (NPY) [73]. In humans, neither diabetes nor metabolic syndrome are monogenetic disorders. Here, we utilized the UCD-T2DM rats which possess the polygenic adult onset of diabetes with preserved leptin signaling.



Overall, in this study, we were not able to clearly delineate the reasons for the shift in the roles of COX and EDH in the vasorelaxation of the mesenteric arteries. Notably, COX and EDH do not only function in the regulation of vasomotor tone, but also have inflammatory and anti-inflammatory functions, respectively [74,75,76]. Thus, one might speculate that the impairment of mesenteric arterial relaxation for the DS rats may be also partly attributed to the enhanced inflammatory metabolite of COX and reduced anti-inflammatory effects of EDH.



While COX-1 is constitutively expressed in the majority of tissues, COX-2 is mainly induced and expressed under inflammatory conditions. In spite of some reports of involvement of both isoforms of COX in endothelium-dependent contraction, a number of reports suggest that under pathological conditions such as obesity and hypertension, COX-2 could be considered a more prominent source of EDCF [77,78,79,80]. It was reported that COX-2 contributed to cardiac oxidative stress and coronary vasoconstriction in obese Zucker rats [81]. In hypertension, an overexpression of COX-2 and NADPH oxidase (NOX)-mediated release of reactive oxygen species (ROS) led to enhanced endothelium-dependent contractions [7]. Here, we did not use the selective inhibitor of COX or measure the COX-derived prostanoid; nevertheless, we observed an increase in both COX isoforms’ protein expression in DS arteries (although the difference in COX-1 expression did not reach a significant level). These data suggest that the enhanced COX-derived contractile metabolites could have been in part a mediator of the impaired vasorelaxation in the DS group. Additionally, consistent with our working hypothesis are the data demonstrating that the mesenteric arteries from DS group exhibited higher maximal contractile responses to PE, compared with other groups (Figure 7), and that MIE reduced the PE-induced maximal tension to the same level as that in the control animals (DE vs. CS group or DE vs. DS group, Figure 7). Accordingly, in the current study, the expression levels of both COX-1 and COX-2 were significantly decreased in the mesenteric arteries of the DE group compared with the DS group.



Endothelial cells may be indirectly stimulated by PE to release NO via a signal that may be transmitted by mechanical stress [82] or through myoendothelial gap junctions [83,84]. During smooth muscle contraction, the decreased release of NO from the endothelium may have therefore led to the elevated contractile responses to PE in the mesenteric arteries of the DS group [4,10]. Here, we did not measure NO or contractile prostanoids. Nevertheless, similarly to the increased PE responses in the DS group, we demonstrated that myogenic tone in the mesenteric arteries of the DS group was enhanced, and MIE significantly decreased the myogenic tone in DE rats (although it did not reach the level observed in the control groups, Figure 8). This is consistent with earlier reports on enhanced myogenic tone in mesenteric, cerebral, and skeletal muscle arteries in T2D rodent models [85,86,87]. Previous investigators reported that an increase in the levels of one or more vasoconstricting prostanoids could lead to an increase in myogenic tone in diabetic animals, and they suggested that COX-2 could be a major factor contributing to increased arterial tone in those models [88]. Furthermore, Leo et al. recently reported that an upregulation of TMEM16A, a calcium-activated chloride channel, in resistance-sized arterial smooth muscle cells of T2D mice could lead to greater pressure-induced vasoconstriction (myogenic response) than in the arteries of nondiabetic control mice [89]. Thus, the augmented myogenic response observed in the mesenteric arteries of the UCD-T2DM rats may have involved the upregulation of TMEM16A in the smooth muscle cells of this model. Clearly, further studies are required to elucidate the role of NO, vasoconstricting prostanoids, specific COX isoforms as well as the TMEM16A channels in mesenteric arterial function in UCD-T2DM rats following exercise.



Diabetes-associated vascular diseases manifest endothelial dysfunction followed by structural and functional changes in the resistance of small arteries, leading to increased peripheral resistance, which is associated with hypertension [90,91,92]. IMT is considered a surrogate marker of atherosclerosis in pathogenic conditions [93]. In mesenteric arteries from db/db mice, increased outward remodeling was characterized by an enhanced cross-sectional area, thus suggesting an increase in wall thickness in arteries from diabetic rats [32]. Briones et al. reported that increased wall thickness, together with increased collagen deposition and a change in the elastic lamina, was associated with increased stiffness in mesenteric arteries from aged rats [94]. In the current study, we demonstrated that diabetes significantly increased the mesenteric arterial wall thickness in the DS group. It has been also reported that endothelial dysfunction in T2D is accompanied by the increased production of vasoactive compounds such as ET-1, angiotensin II, oxidative stress, and growth factors, ultimately leading to the elevation in vasoconstriction, myogenic tone and vascular wall thickening [95,96]. Here, we did not measure any of those contracting factors; however, the observed elevation in vasoconstriction, myogenic tone, and vascular wall thickening may have contributed to the increased blood pressure that was detected in the DS rats. On the other hand, it is possible that the reduction in blood pressure and triglyceride level following MIE may have contributed to the improvements in vascular and endothelial function in the DE group compared with the DS animals. In agreement with our observation of reduced IMT and SBP by MIE, aerobic exercise reduced mesenteric arterial wall thickness (media/lumen ratio) and blood pressure in spontaneously hypertensive rat (SHR) model [97].



Finally, another remaining factor that may have contributed to improved mesenteric arterial relaxation in DE group is the increased sensitivity of mesenteric arteries to NO. Here, however, we did not observe any differences in SNP-induced relaxation among the mesenteric arteries taken from the four experimental groups. This may suggest that smooth muscle sensitivity to NO was unaffected by diabetes or exercise. Notably, in the current study SNP responses were measured in the presence of Indo + L-NAME + Apamin + TRAM-34 to rule out the possible inhibitory effects of basal NO and other EDRF on SNP response [25,98,99,100].




5. Conclusions


This study represents the first report showing that MIE improves mesenteric arterial function in part by (1) reducing plasma triglyceride levels, (2) inducing a shift away from contractile COX to NO- and EDH-type relaxation, (3) reducing vasocontractile response and myogenic tone, and (4) preventing adverse arterial remodeling by reducing wall thickness, leading to decreased SBP in male UCD-T2DM rats. Clearly, additional studies are required to further elucidate the relationship between diabetes and the beneficial impact of exercise on vascular functions and wall properties. Future studies on female animals will also permit an assessment of the potential sex-specific impact of exercise on vascular reactivity in UCD-T2DM rats. In addition, how these findings relate to the impact of MIE on other organs such as skeletal muscle and adipose tissue in UCD-T2DM rats should be investigated.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biomedicines11041129/s1





Author Contributions


Methodology, M.R.R., S.A. and J.L.G.; software, M.R.R.; conceptualization, R.R.; validation, J.L.G., K.LS., P.J.H. and R.R.; formal analysis, M.R.R. and R.R.; investigation, M.R.R., S.A. and R.R.; resources, J.L.G., P.J.H. and R.R.; data curation, M.R.R., S.A. and R.R.; writing—original draft preparation, M.R.R.; writing—review and editing, R.A.I., J.L.G., K.L.S., P.J.H. and R.R.; supervision, R.R.; funding acquisition, P.J.H. and R.R. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Heart, Lung and Blood Institute grant R15HL128988 to R.R. and the University of the Pacific, Stockton, CA. PH laboratory received support during the project period from National Institutes of Health grants HL121324, DK095960, and U24 DK092993.




Institutional Review Board Statement


The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of the University of the Pacific (protocol code: 18R11; date of approval: 2/10/2019) and UC Davis and complied with the Guidelines for the Care and Use of Laboratory Animals: Eighth Edition (US National Institutes of Health, 2011) and ARRIVE guidelines.




Data Availability Statement


The datasets generated during the current study are available from the corresponding author upon reasonable request.




Acknowledgments


The data of this article is a part of the PhD dissertation of the first author (M.R.R.) which has also been cited in this article. We wish to thank Arta Gharib Parsa for the contribution toward manuscript editing.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kannel, W.B.; McGee, D.L. Diabetes and Cardiovascular Disease. The Framingham Study. JAMA 1979, 241, 2035–2038. [Google Scholar] [CrossRef]

	



Morrish, N.J.; Wang, S.L.; Stevens, L.K.; Fuller, J.H.; Keen, H. Mortality and Causes of Death in the WHO Multinational Study of Vascular Disease in Diabetes. Diabetologia 2001, 44 (Suppl. S2), S14–S21. [Google Scholar] [CrossRef]

	



Asif, M. The Prevention and Control the Type-2 Diabetes by Changing Lifestyle and Dietary Pattern. J. Educ. Health Promot. 2014, 3, 1. [Google Scholar] [CrossRef]

	



Zhang, R.; Thor, D.; Han, X.; Anderson, L.; Rahimian, R. Sex Differences in Mesenteric Endothelial Function of Streptozotocin-Induced Diabetic Rats: A Shift in the Relative Importance of EDRFs. Am. J. Physiol. Heart Circ. Physiol. 2012, 303, H1183–H1198. [Google Scholar] [CrossRef]

	



Han, X.; Shaligram, S.; Zhang, R.; Anderson, L.; Rahimian, R. Sex-Specific Vascular Responses of the Rat Aorta: Effects of Moderate Term (Intermediate Stage) Streptozotocin-Induced Diabetes. Can. J. Physiol. Pharmacol. 2016, 94, 408–415. [Google Scholar] [CrossRef]

	



Shaligram, S.; Akther, F.; Razan, M.R.; Graham, J.L.; Roglans, N.; Alegret, M.; Parsa, A.G.; Stanhope, K.L.; Havel, P.J.; Rahimian, R. Mesenteric Arterial Dysfunction in the UC Davis Type 2 Diabetes Mellitus Rat Model Is Dependent on Pre-Diabetic versus Diabetic Status and Is Sexually Dimorphic. Eur. J. Pharmacol. 2020, 879, 173089. [Google Scholar] [CrossRef]

	



Félétou, M.; Huang, Y.; Vanhoutte, P.M. Endothelium-Mediated Control of Vascular Tone: COX-1 and COX-2 Products. Br. J. Pharmacol. 2011, 164, 894–912. [Google Scholar] [CrossRef]

	



Cummings, B.P.; Digitale, E.K.; Stanhope, K.L.; Graham, J.L.; Baskin, D.G.; Reed, B.J.; Sweet, I.R.; Griffen, S.C.; Havel, P.J. Development and Characterization of a Novel Rat Model of Type 2 Diabetes Mellitus: The UC Davis Type 2 Diabetes Mellitus UCD-T2DM Rat. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2008, 295, R1782–R1793. [Google Scholar] [CrossRef]

	



Kleinert, M.; Clemmensen, C.; Hofmann, S.M.; Moore, M.C.; Renner, S.; Woods, S.C.; Huypens, P.; Beckers, J.; de Angelis, M.H.; Schürmann, A.; et al. Animal Models of Obesity and Diabetes Mellitus. Nat. Rev. Endocrinol. 2018, 14, 140–162. [Google Scholar] [CrossRef]

	



Akther, F.; Razan, M.R.; Shaligram, S.; Graham, J.L.; Stanhope, K.L.; Allen, K.N.; Vázquez-Medina, J.P.; Havel, P.J.; Rahimian, R. Potentiation of Acetylcholine-Induced Relaxation of Aorta in Male UC Davis Type 2 Diabetes Mellitus (UCD-T2DM) Rats: Sex-Specific Responses. Front. Physiol. 2021, 12, 616317. [Google Scholar] [CrossRef]

	



Haram, P.M.; Kemi, O.J.; Wisloff, U. Adaptation of Endothelium to Exercise Training: Insights from Experimental Studies. Front. Biosci. 2008, 13, 336–346. [Google Scholar] [CrossRef]

	



Nieman, D.C.; Wentz, L.M. The Compelling Link between Physical Activity and the Body’s Defense System. J. Sport Health Sci. 2019, 8, 201–217. [Google Scholar] [CrossRef]

	



Okada, S.; Hiuge, A.; Makino, H.; Nagumo, A.; Takaki, H.; Konishi, H.; Goto, Y.; Yoshimasa, Y.; Miyamoto, Y. Effect of Exercise Intervention on Endothelial Function and Incidence of Cardiovascular Disease in Patients with Type 2 Diabetes. J. Atheroscler. Thromb. 2010, 17, 828–833. [Google Scholar] [CrossRef]

	



Wisløff, U.; Helgerud, J.; Kemi, O.J.; Ellingsen, O. Intensity-Controlled Treadmill Running in Rats: VO(2 Max) and Cardiac Hypertrophy. Am. J. Physiol. Heart Circ. Physiol. 2001, 280, H1301–H1310. [Google Scholar] [CrossRef]

	



de Lade, C.G.; Andreazzi, A.E.; Bolotari, M.; Costa, V.M.G.; Peters, V.M.; Guerra, M. de O. Effects of Moderate Intensity Endurance Training vs. High Intensity Interval Training on Weight Gain, Cardiorespiratory Capacity, and Metabolic Profile in Postnatal Overfed Rats. Diabetol. Metab. Syndr. 2018, 10, 70. [Google Scholar] [CrossRef]

	



Chung, E.; Diffee, G.M. Moderate Intensity, but Not High Intensity, Treadmill Exercise Training Alters Power Output Properties in Myocardium from Aged Rats. J. Gerontol. A Biol. Sci. Med. Sci. 2012, 67, 1178–1187. [Google Scholar] [CrossRef]

	



Howarth, F.C.; Almugaddum, F.A.; Qureshi, M.A.; Ljubisavljevic, M.; Ljubisavijevic, M. Effects of Varying Intensity Exercise on Shortening and Intracellular Calcium in Ventricular Myocytes from Streptozotocin (STZ)-Induced Diabetic Rats. Mol. Cell. Biochem. 2008, 317, 161–167. [Google Scholar] [CrossRef]

	



Yang, H.-L.; Hsieh, P.-L.; Hung, C.-H.; Cheng, H.-C.; Chou, W.-C.; Chu, P.-M.; Chang, Y.-C.; Tsai, K.-L. Early Moderate Intensity Aerobic Exercise Intervention Prevents Doxorubicin-Caused Cardiac Dysfunction through Inhibition of Cardiac Fibrosis and Inflammation. Cancers 2020, 12, 1102. [Google Scholar] [CrossRef]

	



Tain, Y.-L.; Chang-Chien, G.-P.; Lin, S.; Hou, C.-Y.; Hsu, C.-N. Iodomethylcholine Inhibits Trimethylamine-N-Oxide Production and Averts Maternal Chronic Kidney Disease-Programmed Offspring Hypertension. Int. J. Mol. Sci. 2023, 24, 1284. [Google Scholar] [CrossRef]

	



Morales-Ríos, E.I.; García-Machorro, J.; Briones-Aranda, A.; Gómez-Pliego, R.; Espinosa-Raya, J. Effect of Long-Term Intake of Nutritive and Non-Nutritive Sweeteners on Metabolic Health and Cognition in Adult Male Rats. J. Med. Food 2022, 25, 1059–1065. [Google Scholar] [CrossRef]

	



Shaligram, S.; Sangüesa, G.; Akther, F.; Alegret, M.; Laguna, J.C.; Rahimian, R. Differential Effects of High Consumption of Fructose or Glucose on Mesenteric Endothelial Function in Female Rats. J. Nutr. Biochem. 2018, 57, 136. [Google Scholar] [CrossRef]

	



Bridges, L.E.; Williams, C.L.; Pointer, M.A.; Awumey, E.M. Mesenteric Artery Contraction and Relaxation Studies Using Automated Wire Myography. J. Vis. Exp. 2011, 55, e3119. [Google Scholar] [CrossRef]

	



Wenceslau, C.F.; McCarthy, C.G.; Earley, S.; England, S.K.; Filosa, J.A.; Goulopoulou, S.; Gutterman, D.D.; Isakson, B.E.; Kanagy, N.L.; Martinez-Lemus, L.A.; et al. Guidelines for the Measurement of Vascular Function and Structure in Isolated Arteries and Veins. Am. J. Physiol. Heart Circ. Physiol. 2021, 321, H77–H111. [Google Scholar] [CrossRef]

	



Razan, M.R. Impact of 17-Beta Estradiol and Moderate-Intensity Exercise on Mesenteric Arterial Function of UC Davis Type-2 Diabetes Mellitus Rats. Ph.D. Thesis, University of the Pacific, Stockton, CA, USA, 2021. [Google Scholar]

	



Razan, M.R.; Akther, F.; Islam, R.A.; Graham, J.L.; Stanhope, K.L.; Havel, P.J.; Rahimian, R. 17β-Estradiol Treatment Improves Acetylcholine-Induced Relaxation of Mesenteric Arteries in Ovariectomized UC Davis Type 2 Diabetes Mellitus Rats in Prediabetic State. Front. Physiol. 2022, 13, 900813. [Google Scholar] [CrossRef]

	



Kjeldsen, S.E. Hypertension and Cardiovascular Risk: General Aspects. Pharmacol. Res. 2018, 129, 95–99. [Google Scholar] [CrossRef]

	



Sunano, S.; Watanabe, H.; Tanaka, S.; Sekiguchi, F.; Shimamura, K. Endothelium-Derived Relaxing, Contracting and Hyperpolarizing Factors of Mesenteric Arteries of Hypertensive and Normotensive Rats. Br. J. Pharmacol. 1999, 126, 709–716. [Google Scholar] [CrossRef]

	



Matchkov, V.V.; Kudryavtseva, O.; Aalkjaer, C. Intracellular Ca2+ Signalling and Phenotype of Vascular Smooth Muscle Cells. Basic Clin. Pharm. Toxicol. 2012, 110, 42–48. [Google Scholar] [CrossRef]

	



Sangüesa, G.; Shaligram, S.; Akther, F.; Roglans, N.; Laguna, J.C.; Rahimian, R.; Alegret, M. Type of Supplemented Simple Sugar, Not Merely Calorie Intake, Determines Adverse Effects on Metabolism and Aortic Function in Female Rats. Am. J. Physiol.—Heart Circ. Physiol. 2017, 312, H289–H304. [Google Scholar] [CrossRef]

	



McCloskey, K.; Vuillermin, P.; Ponsonby, A.-L.; Cheung, M.; Skilton, M.R.; Burgner, D. Aortic Intima-Media Thickness Measured by Trans-Abdominal Ultrasound as an Early Life Marker of Subclinical Atherosclerosis. Acta Paediatr. 2014, 103, 124–130. [Google Scholar] [CrossRef]

	



Crijns, F.R.L.; Wolffenbuttel, B.H.R.; de Mey, J.G.R.; Boudier, H.A.J.S. Mechanical Properties of Mesenteric Arteries in Diabetic Rats: Consequences of Outward Remodeling. Am. J. Physiol. Heart Circ. Physiol. 1999, 276, H1672–H1677. [Google Scholar] [CrossRef]

	



Souza-Smith, F.M.; Katz, P.S.; Trask, A.J.; Stewart, J.A., Jr.; Lord, K.C.; Varner, K.J.; Vassallo, D.V.; Lucchesi, P.A. Mesenteric Resistance Arteries in Type 2 Diabetic Db/Db Mice Undergo Outward Remodeling. PLoS ONE 2011, 6, e23337. [Google Scholar] [CrossRef]

	



Sanz, C.; Gautier, J.-F.; Hanaire, H. Physical Exercise for the Prevention and Treatment of Type 2 Diabetes. Diabetes Metab. 2010, 36, 346–351. [Google Scholar] [CrossRef]

	



Avery, L.; Flynn, D.; van Wersch, A.; Sniehotta, F.F.; Trenell, M.I. Changing Physical Activity Behavior in Type 2 Diabetes: A Systematic Review and Meta-Analysis of Behavioral Interventions. Diabetes Care 2012, 35, 2681–2689. [Google Scholar] [CrossRef]

	



Umpierre, D.; Ribeiro, P.A.B.; Schaan, B.D.; Ribeiro, J.P. Volume of Supervised Exercise Training Impacts Glycaemic Control in Patients with Type 2 Diabetes: A Systematic Review with Meta-Regression Analysis. Diabetologia 2013, 56, 242–251. [Google Scholar] [CrossRef]

	



Roberts, C.K.; Little, J.P.; Thyfault, J.P. Modification of Insulin Sensitivity and Glycemic Control by Activity and Exercise. Med. Sci. Sport. Exerc. 2013, 45, 1868–1877. [Google Scholar] [CrossRef]

	



Colberg, S.R.; Sigal, R.J.; Fernhall, B.; Regensteiner, J.G.; Blissmer, B.J.; Rubin, R.R.; Chasan-Taber, L.; Albright, A.L.; Braun, B. Exercise and Type 2 Diabetes: The American College of Sports Medicine and the American Diabetes Association: Joint Position Statement. Diabetes Care 2010, 33, e147–e167. [Google Scholar] [CrossRef]

	



American Diabetes Association Physical Activity/Exercise and Diabetes. Diabetes Care 2004, 27 (Suppl. S1), S58–S62. [CrossRef]

	



Chen, Y.; Sloan, F.A.; Yashkin, A.P. Adherence to Diabetes Guidelines for Screening, Physical Activity and Medication and Onset of Complications and Death. J. Diabetes Complicat. 2015, 29, 1228–1233. [Google Scholar] [CrossRef]

	



De Vriese, A.S.; Verbeuren, T.J.; Van de Voorde, J.; Lameire, N.H.; Vanhoutte, P.M. Endothelial Dysfunction in Diabetes. Br. J. Pharmacol. 2000, 130, 963–974. [Google Scholar] [CrossRef]

	



Moien-Afshari, F.; Ghosh, S.; Khazaei, M.; Kieffer, T.J.; Brownsey, R.W.; Laher, I. Exercise Restores Endothelial Function Independently of Weight Loss or Hyperglycaemic Status in Db/Db Mice. Diabetologia 2008, 51, 1327–1337. [Google Scholar] [CrossRef]

	



Takenouchi, Y.; Kobayashi, T.; Taguchi, K.; Matsumoto, T.; Kamata, K. Gender Differences in Vascular Reactivity of Aortas from Streptozotocin-Induced Diabetic Mice. Biol. Pharm. Bull. 2010, 33, 1692–1697. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, S.; Cai, X.; Yin, H.; Sun, Z.; Zügel, M.; Steinacker, J.M.; Schumann, U. Exercise Training and Endothelial Function in Patients with Type 2 Diabetes: A Meta-Analysis. Cardiovasc. Diabetol. 2018, 17, 64. [Google Scholar] [CrossRef]

	



Sakamoto, S.; Minami, K.; Niwa, Y.; Ohnaka, M.; Nakaya, Y.; Mizuno, A.; Kuwajima, M.; Shima, K. Effect of Exercise Training and Food Restriction on Endothelium-Dependent Relaxation in the Otsuka Long-Evans Tokushima Fatty Rat, a Model of Spontaneous NIDDM. Diabetes 1998, 47, 82–86. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, Z.Y.; Lin, Y.W.; Clemont, A.; Feener, E.P.; Hein, K.D.; Igarashi, M.; Yamauchi, T.; White, M.F.; King, G.L. Characterization of Selective Resistance to Insulin Signaling in the Vasculature of Obese Zucker (Fa/Fa) Rats. J. Clin. Investig. 1999, 104, 447–457. [Google Scholar] [CrossRef] [PubMed]

	



Potenza, M.A.; Marasciulo, F.L.; Chieppa, D.M.; Brigiani, G.S.; Formoso, G.; Quon, M.J.; Montagnani, M. Insulin Resistance in Spontaneously Hypertensive Rats Is Associated with Endothelial Dysfunction Characterized by Imbalance between NO and ET-1 Production. Am. J. Physiol. Heart Circ. Physiol. 2005, 289, H813–H822. [Google Scholar] [CrossRef] [PubMed]

	



Symons, J.D.; McMillin, S.L.; Riehle, C.; Tanner, J.; Palionyte, M.; Hillas, E.; Jones, D.; Cooksey, R.C.; Birnbaum, M.J.; McClain, D.A.; et al. Contribution of Insulin and Akt1 Signaling to Endothelial Nitric Oxide Synthase in the Regulation of Endothelial Function and Blood Pressure. Circ. Res. 2009, 104, 1085–1094. [Google Scholar] [CrossRef]

	



Knudsen, S.H.; Karstoft, K.; Winding, K.; Holst, J.J.; Pedersen, B.K.; Solomon, T.P.J. Effects of Acute Exercise on Pancreatic Endocrine Function in Subjects with Type 2 Diabetes. Diabetes Obes. Metab. 2015, 17, 207–210. [Google Scholar] [CrossRef]

	



Ito, D.; Cao, P.; Kakihana, T.; Sato, E.; Suda, C.; Muroya, Y.; Ogawa, Y.; Hu, G.; Ishii, T.; Ito, O.; et al. Chronic Running Exercise Alleviates Early Progression of Nephropathy with Upregulation of Nitric Oxide Synthases and Suppression of Glycation in Zucker Diabetic Rats. PLoS ONE 2015, 10, e0138037. [Google Scholar] [CrossRef]

	



Wang, Y.; Shen, L.; Xu, D. Aerobic Exercise Reduces Triglycerides by Targeting Apolipoprotein C3 in Patients with Coronary Heart Disease. Clin. Cardiol. 2019, 42, 56–61. [Google Scholar] [CrossRef]

	



Zicha, J.; Pechánová, O.; Cacányiová, S.; Cebová, M.; Kristek, F.; Török, J.; Simko, F.; Dobesová, Z.; Kunes, J. Hereditary Hypertriglyceridemic Rat: A Suitable Model of Cardiovascular Disease and Metabolic Syndrome? Physiol. Res. 2006, 55 (Suppl. S1), S49–S63. [Google Scholar] [CrossRef]

	



Sattar, N.; Petrie, J.R.; Jaap, A.J. The Atherogenic Lipoprotein Phenotype and Vascular Endothelial Dysfunction. Atherosclerosis 1998, 138, 229–235. [Google Scholar] [CrossRef]

	



Wang, L.; Gill, R.; Pedersen, T.L.; Higgins, L.J.; Newman, J.W.; Rutledge, J.C. Triglyceride-Rich Lipoprotein Lipolysis Releases Neutral and Oxidized FFAs That Induce Endothelial Cell Inflammation. J. Lipid Res. 2009, 50, 204–213. [Google Scholar] [CrossRef]

	



Matsumoto, S.; Gotoh, N.; Hishinuma, S.; Abe, Y.; Shimizu, Y.; Katano, Y.; Ishihata, A. The Role of Hypertriglyceridemia in the Development of Atherosclerosis and Endothelial Dysfunction. Nutrients 2014, 6, 1236–1250. [Google Scholar] [CrossRef] [PubMed]

	



Lucero, D.; López, G.I.; Gorzalczany, S.; Duarte, M.; González Ballerga, E.; Sordá, J.; Schreier, L.; Zago, V. Alterations in Triglyceride Rich Lipoproteins Are Related to Endothelial Dysfunction in Metabolic Syndrome. Clin. Biochem. 2016, 49, 932–935. [Google Scholar] [CrossRef] [PubMed]

	



Kajikawa, M.; Maruhashi, T.; Matsumoto, T.; Iwamoto, Y.; Iwamoto, A.; Oda, N.; Kishimoto, S.; Matsui, S.; Aibara, Y.; Hidaka, T.; et al. Relationship between Serum Triglyceride Levels and Endothelial Function in a Large Community-Based Study. Atherosclerosis 2016, 249, 70–75. [Google Scholar] [CrossRef]

	



Tomioka, H.; Hattori, Y.; Fukao, M.; Sato, A.; Liu, M.; Sakuma, I.; Kitabatake, A.; Kanno, M. Relaxation in Different-Sized Rat Blood Vessels Mediated by Endothelium-Derived Hyperpolarizing Factor: Importance of Processes Mediating Precontractions. J. Vasc. Res. 1999, 36, 311–320. [Google Scholar] [CrossRef] [PubMed]

	



Zygmunt, P.M.; Ryman, T.; Högestätt, E.D. Regional Differences in Endothelium-Dependent Relaxation in the Rat: Contribution of Nitric Oxide and Nitric Oxide-Independent Mechanisms. Acta Physiol. Scand. 1995, 155, 257–266. [Google Scholar] [CrossRef]

	



Feletou, M.; Vanhoutte, P.M. Endothelium-Dependent Hyperpolarization of Canine Coronary Smooth Muscle. Br. J. Pharmacol. 1988, 93, 515–524. [Google Scholar] [CrossRef] [PubMed]

	



Komori, K.; Lorenz, R.R.; Vanhoutte, P.M. Nitric Oxide, ACh, and Electrical and Mechanical Properties of Canine Arterial Smooth Muscle. Am. J. Physiol. 1988, 255, H207–H212. [Google Scholar] [CrossRef]

	



Doughty, J.M.; Plane, F.; Langton, P.D. Charybdotoxin and Apamin Block EDHF in Rat Mesenteric Artery If Selectively Applied to the Endothelium. Am. J. Physiol. 1999, 276, H1107–H1112. [Google Scholar] [CrossRef]

	



Bitar, M.S.; Wahid, S.; Mustafa, S.; Al-Saleh, E.; Dhaunsi, G.S.; Al-Mulla, F. Nitric Oxide Dynamics and Endothelial Dysfunction in Type II Model of Genetic Diabetes. Eur. J. Pharmacol. 2005, 511, 53–64. [Google Scholar] [CrossRef] [PubMed]

	



Desrois, M.; Clarke, K.; Lan, C.; Dalmasso, C.; Cole, M.; Portha, B.; Cozzone, P.J.; Bernard, M. Upregulation of eNOS and Unchanged Energy Metabolism in Increased Susceptibility of the Aging Type 2 Diabetic GK Rat Heart to Ischemic Injury. Am. J. Physiol. Heart Circ. Physiol. 2010, 299, H1679–H1686. [Google Scholar] [CrossRef] [PubMed]

	



Cai, H.; Harrison, D.G. Endothelial Dysfunction in Cardiovascular Diseases: The Role of Oxidant Stress. Circ. Res. 2000, 87, 840–844. [Google Scholar] [CrossRef]

	



Bauersachs, J.; Popp, R.; Hecker, M.; Sauer, E.; Fleming, I.; Busse, R. Nitric Oxide Attenuates the Release of Endothelium-Derived Hyperpolarizing Factor. Circulation 1996, 94, 3341–3347. [Google Scholar] [CrossRef]

	



Brandes, R.P.; Schmitz-Winnenthal, F.-H.; Félétou, M.; Gödecke, A.; Huang, P.L.; Vanhoutte, P.M.; Fleming, I.; Busse, R. An Endothelium-Derived Hyperpolarizing Factor Distinct from NO and Prostacyclin Is a Major Endothelium-Dependent Vasodilator in Resistance Vessels of Wild-Type and Endothelial NO Synthase Knockout Mice. Proc. Natl. Acad. Sci. USA 2000, 97, 9747–9752. [Google Scholar] [CrossRef] [PubMed]

	



Garland, C.J.; Plane, F.; Kemp, B.K.; Cocks, T.M. Endothelium-Dependent Hyperpolarization: A Role in the Control of Vascular Tone. Trends Pharmacol. Sci. 1995, 16, 23–30. [Google Scholar] [CrossRef] [PubMed]

	



Malakul, W.; Thirawarapan, S.; Suvitayavat, W.; Woodman, O.L. Type 1 Diabetes and Hypercholesterolaemia Reveal the Contribution of Endothelium-Derived Hyperpolarizing Factor to Endothelium-Dependent Relaxation of the Rat Aorta. Clin. Exp. Pharmacol. Physiol. 2008, 35, 192–200. [Google Scholar] [CrossRef]

	



Kilpatrick, E.V.; Cocks, T.M. Evidence for Differential Roles of Nitric Oxide (NO) and Hyperpolarization in Endothelium-Dependent Relaxation of Pig Isolated Coronary Artery. Br. J. Pharmacol. 1994, 112, 557–565. [Google Scholar] [CrossRef]

	



Oniki, H.; Fujii, K.; Kansui, Y.; Goto, K.; Iida, M. Effects of Angiotensin II Receptor Antagonist on Impaired Endothelium-Dependent and Endothelium-Independent Relaxations in Type II Diabetic Rats. J. Hypertens. 2006, 24, 331–338. [Google Scholar] [CrossRef]

	



Félétou, M.; Vanhoutte, P.M. EDHF: New Therapeutic Targets? Pharmacol. Res. 2004, 49, 565–580. [Google Scholar] [CrossRef]

	



Minami, A.; Ishimura, N.; Harada, N.; Sakamoto, S.; Niwa, Y.; Nakaya, Y. Exercise Training Improves Acetylcholine-Induced Endothelium-Dependent Hyperpolarization in Type 2 Diabetic Rats, Otsuka Long-Evans Tokushima Fatty Rats. Atherosclerosis 2002, 162, 85–92. [Google Scholar] [CrossRef]

	



Moran, T.H.; Bi, S. Hyperphagia and Obesity in OLETF Rats Lacking CCK-1 Receptors. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2006, 361, 1211–1218. [Google Scholar] [CrossRef]

	



Villar, I.C.; Hobbs, A.J.; Ahluwalia, A. Sex Differences in Vascular Function: Implication of Endothelium-Derived Hyperpolarizing Factor. J. Endocrinol. 2008, 197, 447–462. [Google Scholar] [CrossRef] [PubMed]

	



Campbell, W.B. New Role for Epoxyeicosatrienoic Acids as Anti-Inflammatory Mediators. Trends Pharm. Sci. 2000, 21, 125–127. [Google Scholar] [CrossRef] [PubMed]

	



Node, K.; Huo, Y.; Ruan, X.; Yang, B.; Spiecker, M.; Ley, K.; Zeldin, D.C.; Liao, J.K. Anti-Inflammatory Properties of Cytochrome P450 Epoxygenase-Derived Eicosanoids. Science 1999, 285, 1276–1279. [Google Scholar] [CrossRef] [PubMed]

	



Muñoz, M.; Sánchez, A.; Pilar Martínez, M.; Benedito, S.; López-Oliva, M.-E.; García-Sacristán, A.; Hernández, M.; Prieto, D. COX-2 Is Involved in Vascular Oxidative Stress and Endothelial Dysfunction of Renal Interlobar Arteries from Obese Zucker Rats. Free Radic. Biol. Med. 2015, 84, 77–90. [Google Scholar] [CrossRef] [PubMed]

	



Avendaño, M.S.; Martínez-Revelles, S.; Aguado, A.; Simões, M.R.; González-Amor, M.; Palacios, R.; Guillem-Llobat, P.; Vassallo, D.V.; Vila, L.; García-Puig, J.; et al. Role of COX-2-derived PGE2 on Vascular Stiffness and Function in Hypertension. Br. J. Pharmacol. 2016, 173, 1541–1555. [Google Scholar] [CrossRef]

	



Martínez-Revelles, S.; Avendaño, M.S.; García-Redondo, A.B.; Alvarez, Y.; Aguado, A.; Pérez-Girón, J.V.; García-Redondo, L.; Esteban, V.; Redondo, J.M.; Alonso, M.J.; et al. Reciprocal Relationship between Reactive Oxygen Species and Cyclooxygenase-2 and Vascular Dysfunction in Hypertension. Antioxid. Redox Signal. 2013, 18, 51–65. [Google Scholar] [CrossRef]

	



Alvarez, Y.; Pérez-Girón, J.V.; Hernanz, R.; Briones, A.M.; García-Redondo, A.; Beltrán, A.; Alonso, M.J.; Salaices, M. Losartan Reduces the Increased Participation of Cyclooxygenase-2-Derived Products in Vascular Responses of Hypertensive Rats. J. Pharmacol. Exp. Ther. 2007, 321, 381–388. [Google Scholar] [CrossRef]

	



Santiago, E.; Martínez, M.P.; Climent, B.; Muñoz, M.; Briones, A.M.; Salaices, M.; García-Sacristán, A.; Rivera, L.; Prieto, D. Augmented Oxidative Stress and Preserved Vasoconstriction Induced by Hydrogen Peroxide in Coronary Arteries in Obesity: Role of COX-2. Br. J. Pharmacol. 2016, 173, 3176–3195. [Google Scholar] [CrossRef]

	



Fleming, I.; Bauersachs, J.; Schäfer, A.; Scholz, D.; Aldershvile, J.; Busse, R. Isometric Contraction Induces the Ca2+-Independent Activation of the Endothelial Nitric Oxide Synthase. Proc. Natl. Acad. Sci. USA 1999, 96, 1123–1128. [Google Scholar] [CrossRef]

	



Dora, K.A.; Hinton, J.M.; Walker, S.D.; Garland, C.J. An Indirect Influence of Phenylephrine on the Release of Endothelium-Derived Vasodilators in Rat Small Mesenteric Artery. Br. J. Pharm. 2000, 129, 381–387. [Google Scholar] [CrossRef]

	



Jackson, W.F.; Boerman, E.M.; Lange, E.J.; Lundback, S.S.; Cohen, K.D. Smooth Muscle A1D-Adrenoceptors Mediate Phenylephrine-Induced Vasoconstriction and Increases in Endothelial Cell Ca2+ in Hamster Cremaster Arterioles. Br. J. Pharmacol. 2008, 155, 514–524. [Google Scholar] [CrossRef]

	



Lagaud, G.J.L.; Masih-Khan, E.; Kai, S.; Breemen, C.v.; Dubé, G.P. Influence of Type II Diabetes on Arterial Tone and Endothelial Function in Murine Mesenteric Resistance Arteries. JVR 2001, 38, 578–589. [Google Scholar] [CrossRef]

	



Jarajapu, Y.P.; Guberski, D.L.; Grant, M.B.; Knot, H.J. Myogenic Tone and Reactivity of Cerebral Arteries in Type II Diabetic BBZDR/Wor Rat. Eur. J. Pharmacol. 2008, 579, 298–307. [Google Scholar] [CrossRef]

	



Frisbee, J.C.; Maier, K.G.; Stepp, D.W. Oxidant Stress-Induced Increase in Myogenic Activation of Skeletal Muscle Resistance Arteries in Obese Zucker Rats. Am. J. Physiol. Heart Circ. Physiol. 2002, 283, H2160–H2168. [Google Scholar] [CrossRef]

	



Bagi, Z.; Erdei, N.; Toth, A.; Li, W.; Hintze, T.H.; Koller, A.; Kaley, G. Type 2 Diabetic Mice Have Increased Arteriolar Tone and Blood Pressure. Arterioscler. Thromb. Vasc. Biol. 2005, 25, 1610–1616. [Google Scholar] [CrossRef]

	



Leo, M.D.; Peixoto-Nieves, D.; Yin, W.; Raghavan, S.; Muralidharan, P.; Mata-Daboin, A.; Jaggar, J.H. TMEM16A Channel Upregulation in Arterial Smooth Muscle Cells Produces Vasoconstriction during Diabetes. Am. J. Physiol. Heart Circ. Physiol. 2021, 320, H1089–H1101. [Google Scholar] [CrossRef]

	



Spinetti, G.; Kraenkel, N.; Emanueli, C.; Madeddu, P. Diabetes and Vessel Wall Remodelling: From Mechanistic Insights to Regenerative Therapies. Cardiovasc. Res. 2008, 78, 265–273. [Google Scholar] [CrossRef]

	



Konukoglu, D.; Uzun, H. Endothelial Dysfunction and Hypertension. Adv. Exp. Med. Biol. 2017, 956, 511–540. [Google Scholar] [CrossRef]

	



Gallo, G.; Volpe, M.; Savoia, C. Endothelial Dysfunction in Hypertension: Current Concepts and Clinical Implications. Front. Med. 2021, 8, 798958. [Google Scholar] [CrossRef] [PubMed]

	



de Groot, E.; Hovingh, G.K.; Wiegman, A.; Duriez, P.; Smit, A.J.; Fruchart, J.-C.; Kastelein, J.J.P. Measurement of Arterial Wall Thickness as a Surrogate Marker for Atherosclerosis. Circulation 2004, 109, III33–III38. [Google Scholar] [CrossRef]

	



Briones, A.M.; Salaices, M.; Vila, E. Mechanisms Underlying Hypertrophic Remodeling and Increased Stiffness of Mesenteric Resistance Arteries from Aged Rats. J. Gerontol. A Biol. Sci. Med. Sci. 2007, 62, 696–706. [Google Scholar] [CrossRef]

	



Savoia, C.; D’Agostino, M.; Lauri, F.; Volpe, M. Angiotensin Type 2 Receptor in Hypertensive Cardiovascular Disease. Curr. Opin. Nephrol. Hypertens. 2011, 20, 125–132. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.B.; Schiffrin, E.L. Small Artery Remodeling Is the Most Prevalent (Earliest?) Form of Target Organ Damage in Mild Essential Hypertension. J. Hypertens. 2001, 19, 921–930. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, Y.; Luan, Y.; Zhang, B.; Zhang, S.; Wang, X. Morphological Study of the Effect of Aerobic Exercise on Organs and Arteries in Spontaneously Hypertensive Rats. Healthcare 2021, 9, 1066. [Google Scholar] [CrossRef]

	



Moncada, S.; Palmer, R.M.; Higgs, E.A. Nitric Oxide: Physiology, Pathophysiology, and Pharmacology. Pharmacol. Rev. 1991, 43, 109–142. [Google Scholar]

	



Parkington, H.C.; Chow, J.A.M.; Evans, R.G.; Coleman, H.A.; Tare, M. Role for Endothelium-Derived Hyperpolarizing Factor in Vascular Tone in Rat Mesenteric and Hindlimb Circulations in Vivo. J. Physiol. 2002, 542, 929–937. [Google Scholar] [CrossRef]

	



Ralevic, V. Endothelial Nitric Oxide Modulates Perivascular Sensory Neurotransmission in the Rat Isolated Mesenteric Arterial Bed. Br. J. Pharmacol. 2002, 137, 19–28. [Google Scholar] [CrossRef]








[image: Biomedicines 11 01129 g001 550] 





Figure 1. Effects of MIE on metabolic parameters of sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats. (A) Body weight; (B) adipose tissue to body weight ratio; (C) triglyceride level; (D) blood glucose level; (E) HbA1c (%); (F) insulin level. Values are represented as mean ± SEM. Each bar represents the values obtained from n = 5–7 animals per group. Capped lines indicate significant differences between two groups (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001), analyzed by one-way ANOVA followed by Tukey’s post hoc test. 
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Figure 2. Relaxation responses to cumulative concentrations of acetylcholine (ACh, 10−8 to 10−5 M) in intact mesenteric arterial rings precontracted with phenylephrine (PE, 2 µM) from sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats. Data are expressed as mean ± SEM; n = 5–8 animals per group. Brackets indicate significant differences between groups (p < 0.05), analyzed using two-way ANOVA with repeated measures followed by Tukey’s post hoc test. 
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Figure 3. Effects of inhibiting cyclooxygenase (COX), nitric oxide synthase (NOS), small-conductance and intermediate-conductance calcium-activated potassium channels (SKCa and IKCa) on acetylcholine (ACh)-induced vasorelaxation in mesenteric arteries taken from sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats; (A) CS, (B) CE, (C) DS, and (D) DE group. CRC to ACh (10−8 to 10−5 M) was generated in the absence of an inhibitor (no drug) or in the presence of Indo, Indo + L-NAME (I + L), and Indo + L-NAME + Apamin + TRAM-34 (I + L + A + T) in mesenteric arterial rings. Indo (indomethacin; 10 µM), L-NAME (Nω-nitro-L-arginine methyl ester; 200 µM), Apamin (1 µM), TRAM-34 [1-[(2-Chlorophenyl) diphenylmethyl]-1H-pyrazole; 1 µM]. * (p < 0.05) vs. no drug; # (p < 0.05) vs. Indo; $ (p < 0.05) vs. Indo + L-NAME, analyzed using two-way ANOVA with repeated measures followed by Bonferroni post hoc test. 
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Figure 4. Western blot analysis of (A) COX-1 and (B) COX-2 expression in mesenteric arteries of sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats. Protein levels were quantified by densitometry and normalized to the corresponding GAPDH. Values are represented as mean ± SEM. Each bar represents the values obtained from n = 3–4 animals per group. Representative bands of target and housekeeping proteins (GAPDH) were shown from the same membrane. Capped lines indicate significant differences between two groups (* p < 0.05, and ** p < 0.01), analyzed using one-way ANOVA followed by Tukey’s post hoc test. COX-1, cyclooxygenase-1; COX-2, cyclooxygenase-2. 
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Figure 5. Western blot analysis of eNOS expression in mesenteric arteries of sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats. Protein levels were quantified by densitometry and normalized to the corresponding GAPDH. Values are represented as mean ± SEM. Each bar represents the values obtained from n = 4–5 animals per group. Representative bands of target and housekeeping proteins (GAPDH) were shown from the same membrane. Capped lines indicate significant differences between two groups (** p < 0.01, *** p < 0.001, and **** p < 0.0001), analyzed using one-way ANOVA followed by Tukey’s post hoc test. eNOS, endothelial nitric oxide synthase. 
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Figure 6. Western blot analysis of (A) IKCa (KCa3.1) and (B) SKCa (KCa2.3) expressions in mesenteric arteries of sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats. Protein levels were quantified by densitometry and normalized to the corresponding GAPDH. Values are represented as mean ± SEM. Each bar represents the values obtained from n = 4–5 animals per group. Representative bands of target and housekeeping proteins (GAPDH) were shown from the same membrane. Capped lines indicate significant differences between two groups (* p < 0.05), analyzed by one-way ANOVA followed by Tukey’s post hoc test. The top right section of B shows a comparison of only diabetic groups (DS vs. DE) which was analyzed by Student’s unpaired t-test. IKCa, intermediate conductance calcium activated potassium channel; SKCa, small conductance calcium activated potassium channel. 
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Figure 7. Contractile responses to cumulative concentrations of phenylephrine (PE, 10−8 to 10−5 M) in intact mesenteric arterial rings from sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats. Data are expressed as mean ± SEM; n = 5–6 animals per group. # p < 0.05 (vs. CS), * p < 0.05 (vs. CE), and $ p < 0.05 (vs. DE), analyzed using two-way ANOVA with repeated measures followed by Tukey’s post hoc test. 
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Figure 8. Myogenic tone (%) at different intraluminal pressures in intact mesenteric arterial rings from sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats. Data are expressed as mean ± SEM; n = 5–8 animals per group. # p < 0.05 (vs. CS), * p < 0.05 (vs. CE), and $ p < 0.05 (vs. DE), analyzed using two-way ANOVA with repeated measures followed by Tukey’s post hoc test. 
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Figure 9. Wall thickness at different intraluminal pressures in intact mesenteric arterial rings from sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats. Data are expressed as mean ± SEM; n = 5–8 animals per group. # p < 0.05 (vs. CS), * p < 0.05 (vs. CE), and $ p < 0.05 (vs. DE), analyzed using two-way ANOVA with repeated measures followed by Tukey’s post hoc test. 






Figure 9. Wall thickness at different intraluminal pressures in intact mesenteric arterial rings from sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats. Data are expressed as mean ± SEM; n = 5–8 animals per group. # p < 0.05 (vs. CS), * p < 0.05 (vs. CE), and $ p < 0.05 (vs. DE), analyzed using two-way ANOVA with repeated measures followed by Tukey’s post hoc test.
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Table 1. Blood pressure before and after 8 weeks in sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats.






Table 1. Blood pressure before and after 8 weeks in sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats.





	
Time

	
mmHg

	
CS

	
CE

	
DS

	
DE






	
0 week

	
SBP

	
114 ± 3

	
119 ± 6

	
155 ± 8 *#

	
153 ± 5 *#




	
DBP

	
80 ± 2

	
86 ± 3

	
117 ± 8 *#

	
112 ± 6 *#




	
MAP

	
95 ± 3

	
99 ± 4

	
129 ± 8 *#

	
125 ± 6 *#




	
8 weeks

	
SBP

	
114 ± 3

	
98 ± 4 a

	
138 ± 5 *#$

	
115 ± 5 a




	
DBP

	
76 ± 2

	
84 ± 10

	
93 ± 3

	
79 ± 4 b




	
MAP

	
91 ± 3

	
85 ± 8

	
104 ± 7 c

	
91 ± 4 c








Data are expressed as mean ± SEM; n = 5–8 rats per group. Data were analyzed between groups using one-way ANOVA followed by Tukey’s post hoc test; # p < 0.05 (vs. CS), * p < 0.05 (vs. CE), and $ p < 0.05 (vs. DE). Data were compared within a group (0 week vs. 8 weeks) by Student’s paired t-test. a p < 0.05 (vs. 0 week SBP, respective group), b p < 0.05 (vs. 0 week DBP, respective group), c p < 0.05 (vs. 0 week MAP, respective group). SBP, systolic blood pressure; DBP, diastolic blood pressure; and MAP, mean arterial pressure.
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Table 2. Sensitivity (pD2:-logEC50) and maximum response (Rmax) to acetylcholine (ACh) in mesenteric arteries from sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats.






Table 2. Sensitivity (pD2:-logEC50) and maximum response (Rmax) to acetylcholine (ACh) in mesenteric arteries from sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats.





	ACh
	n
	pD2 (-logEC50)
	Rmax (%)





	CS
	7
	7.40 ± 0.2
	98.91 ± 0.6



	CE
	5
	7.22 ± 0.1
	98.60 ± 1.0



	DS
	5
	5.80 ± 0.2 *#$
	59.85 ± 2.2 *#$



	DE
	8
	6.72 ± 0.1 #
	90.74 ± 2.4 *#







Data are expressed as mean ± SEM; n = 5–8 rats per group. # p < 0.05 (vs. CS), * p < 0.05 (vs. CE), and $ p < 0.05 (vs. DE), analyzed using one-way ANOVA followed by Tukey’s post hoc test.
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Table 3. Comparison of sensitivity (pD2: -logEC50), maximum response (Rmax), and area under the curve (AUC) to acetylcholine (ACh) in mesenteric arteries from sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats.






Table 3. Comparison of sensitivity (pD2: -logEC50), maximum response (Rmax), and area under the curve (AUC) to acetylcholine (ACh) in mesenteric arteries from sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats.





	
Groups

	
No Drug

	
Indo

	
Indo + L-NAME

	
Indo + L-NAME +

Apamin + TRAM-34




	
pD2

	
Rmax, (%)

	
ΔAUC

	
pD2

	
Rmax (%)

	
ΔAUC

	
pD2

	
Rmax (%)

	
ΔAUC

	
pD2

	
Rmax (%)

	
ΔAUC






	
CS

	
7.63 ± 0.1

	
99.57 ± 0.1

	
ND

	
7.49 ± 0.1

	
99.41 ± 0.2

	
13.80 ± 5.71

	
ND

	
80.54 ± 7.3

	
93.90 ± 9.62

	
ND

	
−1.71 ± 2.5 abc

	
147.3 ± 8.34




	
CE

	
7.22 ± 0.12

	
98.60 ± 0.9

	
ND

	
7.26 ± 0.2

	
99.83 ± 0.2

	
1.0 ± 7.66

	
ND

	
93.88 ± 1.9

	
75.20 ± 8.13

	
ND

	
−6.67 ± 1.4 abc

	
144.7 ± 5.63




	
DS

	
5.80 ± 0.2 *#$

	
59.85 ± 2.2 *#$

	
ND

	
6.70 ± 0.2 #a

	
98.61 ± 0.4 a*#$

	
47.20 ± 4.77 *#$

	
ND

	
10.27 ± 3.7 *#ab

	
115.9 ± 3.45 *

	
ND

	
−7.36 ± 2.5 abc

	
6.24 ± 1.83 *#$




	
DE

	
6.72 ± 0.1 #

	
90.74 ± 2.4 *#

	
ND

	
6.61 ± 0.1 *#

	
88.92 ± 3.4

	
0.5 ± 7.49

	
ND

	
38.58 ± 13.9 *#ab

	
107.7 ± 10.1

	
ND

	
−6.5 ± 1.4 abc

	
48.38 ± 9.1 *#








Comparison of sensitivity (pD2), maximum response (Rmax) and ΔAUC to acetylcholine (ACh) in the absence (no drug condition) or in the presence of Indo, Indo + L-NAME, and Indo + L-NAME + Apamin + TRAM-34 in mesenteric arterial rings from sedentary and exercise- trained control (CS and CE) and diabetic (DS and DE) rats. ΔAUC values were measured by measuring the area between the two curves. ΔAUC of Indo indicates COX contribution, ΔAUC of Indo + L-NAME indicates NO contribution and, ΔAUC of Indo + L-NAME + Apamin + TRAM-34 indicates EDH-type contribution in ACh-induced vasorelaxation of mesenteric arteries. Data are expressed as mean ± SEM; n = 5–8 rats per group. Analysis between group: # p < 0.05 (vs. CS), * p < 0.05 (vs. CE), and $ p < 0.05 (vs. DE), analyzed using one-way ANOVA followed by Tukey’s post hoc test. Analysis within group: a p < 0.05 vs. no drug control within each group, b p < 0.05 vs. Indo within each group, c p < 0.05 vs. Indo + L-NAME within each group (paired Student’s t-test). ND; not determined.
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Table 4. Sensitivity (pD2: -logEC50) and maximum tension (Tensionmax) to phenylephrine (PE) in mesenteric arteries from sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats.






Table 4. Sensitivity (pD2: -logEC50) and maximum tension (Tensionmax) to phenylephrine (PE) in mesenteric arteries from sedentary and exercise-trained control (CS and CE) and diabetic (DS and DE) rats.





	PE
	n
	pD2(-logEC50)
	Tensionmax





	CS
	6
	6.49 ± 0.16
	15.45 ± 1.24



	CE
	5
	6.46 ± 0.12
	12.23 ± 0.54



	DS
	5
	6.46 ± 0.18
	23.03 ± 2.74 *#$



	DE
	5
	6.41 ± 0.11
	16.20 ± 1.18







Data are expressed as mean ± SEM; n = 5–6 rats per group. # p < 0.05 (vs. CS), * p < 0.05 (vs. CE), $ p < 0.05 (vs. DE), analyzed using one-way ANOVA followed by Tukey’s post hoc test.
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