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Abstract

:

The typical Western dietary pattern has an elevated ω-6:ω-3 fatty acid ratio (FAR), which may exacerbate the risk of chronic disease. Conversely, the consumption of diets containing green leafy vegetables (GLVs) have been demonstrated to attenuate disease risk. This study investigated the effects of collard greens (CG), purslane (PL) and orange flesh sweetpotato greens (SPG) on measures of disease risk in rats fed diets with a 25:1 ω-6:ω-3 FAR. Male spontaneously hypertensive rats (SHRs) were randomly assigned to four dietary groups (n = 10/group) with a 25:1 ω-6:ω-3 FAR. Experimental diets contained 4% (dried weight) CG, PL or SPG. Dietary intake, body weight, blood pressure, plasma adiponectin, high sensitivity C-reactive protein (hsCRP), oxygen radical absorbance capacity and lipid profile were determined using standardized procedures. Following a 6-week consumption period, systolic blood pressure, plasma adiponectin, total and low-density lipoprotein (LDL) cholesterol decreased following the consumption of diets containing GLVs. While hsCRP increased in SHRs fed diets containing CG and PL, plasma antioxidant capacity was significantly reduced (p < 0.05) with the consumption of diets containing the GLVs. These findings suggest that CG, PL and SPG have the potential to decrease risks for cardiovascular disease (CVD) associated with the consumption of diets with an elevated ω-6:ω-3 FAR.
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1. Introduction


Hypertension, one of the most common forms of cardiovascular disease (CVD), significantly contributes to morbidity and mortality in the United States as well as globally [1]. Consumption of the Western dietary pattern, characterized by increased intakes of processed foods, animal products and relatively minimal intakes of whole grains, fruits and vegetables, is related to increased risk of hypertension and other CVDs and associated comorbidities [2,3,4,5,6,7]. Diets rich in omega-6 (ω-6) fatty acids together with the deficiency of omega-3 (ω-3) fatty acids, leading to an elevated fatty acid ratio (FAR), further increases the atherogenicity related to increased disease risk [8,9]. The current ω-6/ω-3 FAR within the Western diet is estimated to be approximately 25:1 [10,11]. This imbalance in the ω-6/ω-3 FAR, coupled with traditional Western dietary practices, further exacerbates the increased risk for hypertension and other CVDs [12].



Risks associated with hypertension and other CVDs may be minimized by engaging in more prudent dietary practices and increased consumption of diets that contain fruits, vegetables, whole grains and fatty fish [13,14,15,16]. Although Americans consume less than recommended intakes [17,18], inclusion of cruciferous and dark green, leafy vegetables (GLVs) into the diet is particularly emphasized, as consumption has been demonstrated to mitigate the risks associated with disease pathogenesis and mortality [19,20,21,22]. Collard greens (Brassica oleracea), a traditional GLV consumed in the southeastern region of the United States, as well as purslane (Portulaca oleracea) and sweetpotato greens (Ipomoea batatas L.), nontraditional GLVs are established sources of antioxidant and bioactive compounds that exhibit potent free radical scavenging and antioxidant capabilities [23,24]. The nutritional profile of collard greens, purslane and orange flesh sweetpotato greens suggest their potential functionality in disease prevention and health promotion [25,26,27,28,29,30,31].



In light of the potential benefits of collard greens, purslane and sweetpotato greens, coupled with gaps in knowledge regarding their contribution to health promotion and disease prevention in vivo, research studies are warranted to affirm their influence on disease risk. Therefore, the purpose of this research study was to determine the influence of collard greens, purslane and orange flesh sweetpotato greens, in diets with an ω-6/ω-3 FAR, reflective of the typical Western dietary pattern (i.e., 25:1), on body weight, systolic blood pressure, plasma adiponectin, high sensitivity c-reactive protein, oxygen radical absorbance capacity and lipid profile of the spontaneously hypertensive rat. Furthermore, by expanding our knowledge of these GLVs and their prospective role as functional foods in disease prevention, dietary recommendations for additional cardiometabloic health and protection may emerge.




2. Materials and Methods


2.1. Dietary Formulations


The American Institute of Nutrition (AIN)-76A purified rodent diet was modified to a final ω-6/ω-3 FAR of 25:1; experimental diets included 4% collard greens, purslane and orange flesh sweetpotato greens powder, respectively (Table 1). Collard greens (purchased from the local farmer’s market, Tuskegee, AL, USA), purslane and sweet potato greens (purchased from the International Farmer’s Market, Duluth, GA, USA) were freeze-dried for approximately 48 hours (Virtis Genesis 25SL, Gardiner, NY, USA) and powdered prior to the manufacturing process. The unmodified AIN-76A diet served as the standardized control. Control and experimental diets were formulated to be isonitrogenous and isocaloric. in conjunction with recommendations set forth by the National Cholesterol Education Program Expert Panel for carbohydrate (50–60% of total calories), protein (~15% of total calories) and fat (25–35% of total calories- less than 7% saturated fat; up to 10% polyunsaturated fat; up to 20% monounsaturated fat) (Table 2). The Division of Land O’Lakes Purina Feed, LLC (Purina TestDiet®, Richmond, IN, USA), manufactured diets; NP Analytical Laboratories (St. Louis, MO, USA) confirmed specifications.




2.2. Animal Feeding


Four-week-old male, spontaneously hypertensive rats (SHRs, n = 50), weighing approximately 60 grams were housed individually in polypropylene cages and maintained on a 12:12 hour light-dark photoperiod cycle, in a controlled environment (20–22 °C; 50–55% relative humidity) with ad libitum access to water, rodent chow (three days) and AIN-76A purified rodent diet (seven days) during the 10 days acclimation period. SHRs were randomly assigned to one of five dietary groups (AIN-76A (standardized control), control, CG, PL or SPG) and consumed the diets for 6 weeks. Animals were pair-fed according to the average dietary intake of SHRs assigned to diets containing GLVs. Food intake and body weight were measured daily and once a week, respectively. Following the completion of the six weeks feeding trial, SHRs were anesthetized using a Ketamine/Acepromazine combination cocktail (75–100 mg/kg body weight) and subsequently euthanized via the over-inhalation of carbon dioxide. Blood was collected via cardiac puncture; SHR organs were removed and stored at −80 °C prior to analysis. The Tuskegee University Animal Care and Use Committee (Tuskegee, AL 36088) approved the protocols involved in the care and use of animals for this research study, in accordance with standards established by the National Institutes of Health.




2.3. Systolic Blood Pressure


Weekly systolic blood pressure measurements were measured utilizing the noninvasive tail cuff blood pressure (NIBP) system (ML 125/M, ADInstruments, Inc., Colorado Springs, CO, USA) according to manufacturer’s instructions.




2.4. Adiponectin and hsCRP


Plasma adiponectin and high sensitivity C-reactive protein (hsCRP) concentrations were determined using the adiponectin rat ELISA kit (Abcam®, Cambridge, MA, USA) and the rat C-reactive protein ELISA kit (Helica Biosystems, Santa Ana, CA, USA), respectively. Adiponectin and hsCRP concentrations were estimated based on optical density values obtained from standard curves, measured at 450 nm using a BioTek® Microplate Reader (Winooski, VT, USA).




2.5. Antioxidant Capacity


SHR plasma antioxidant capacity was determined using the OxiSelect Oxygen Radical Antioxidant Capacity (ORAC) activity kit (Cell Biolabs, San Diego, CA, USA) according to manufacturer’s protocol. ORAC values, expressed as μMoles of TroloxTM Equivalents (TE) were calculated based on the TroloxTM antioxidant standard curve. The area under the curve (AUC) was calculated using the following equation


AUC= 1 + RFU5/RFU0 + RFU10/RFU0 + …… RFU55/RFU0 + RFU60/RFU0



(1)




where, RFU0 = relative fluorescence value at time point zero and RFUx = relative fluorescence value at time points (e.g., minute 5, minute 10 …… minute 55, minute 60).




2.6. Lipid Profile: Plasma Triglycerides, Total Cholesterol, High-Density Lipoprotein- Cholesterol (HDL-C) and Low-Density Lipoprotein-Cholesterol (LDL-C) + Very Low-Density Lipoprotein-Cholesterol (VLDL-C)


Plasma total cholesterol (Abcam® Inc., Cambridge, MA, USA), triglyceride (Abcam® Inc., Cambridge, MA, USA), HDL-C (Abcam® Inc., Cambridge, MA, USA) and LDL-C + VLDL-C (Abcam® Inc., Cambridge, MA, USA) concentrations were determined using assay kits, according to manufacturer’s instructions. Sample and standard(s) optical density values were measured at 450 nm using a BioTek® Microplate Reader (Winooski, VT, USA).




2.7. Statistical Analysis


Data are presented as mean + SEM. Statistical analyses were performed using the GLM procedure (SAS Institute, Inc., Cary, NC, USA). When the omnibus F test was declared significant, Duncan’s procedure was used to compare group means. The level of significance was p < 0.05.





3. Results


3.1. Dietary Intake, Body Weight


No differences (p > 0.05) in dietary intake throughout the duration of the feeding study were observed among SHRs (Table 3). Although there were similar average dietary intakes at week 1 (initial dietary intake) and total dietary intakes among SHRs, SHRs assigned to the PL dietary group consumed slightly more than those assigned to the other dietary groups at week 6. While SHRs assigned to the different dietary groups had similar body weights at baseline and during the commencement of the feeding study, at week 6 groups fed diets with a 25:1 ω-6/ω-3 FAR were heavier (p < 0.05) than those consuming the AIN-76A diet.




3.2. Systolic Blood Pressure


Beginning at week 3, average systolic blood pressure decreased in SHRs consuming diets containing CG, PL and SPG in comparison to those consuming the AIN-76A and control diets (Figure 1). At week 6, consumption of the CG (173.4 mmHg) diet resulted in a decrease (p < 0.05) in systolic blood pressure compared to the AIN-76A (181.4 mmHg) and control (181.1 mmHg) diets. Among SHRs consuming diets containing GLVs, CG were able to modulate slightly greater non-significant decreases in systolic blood pressure in comparison to PL and SPG.




3.3. Adiponectin and hsCRP


SHR plasma adiponectin and hsCRP concentrations are presented in Table 4. Plasma adiponectin levels were significantly reduced (p < 0.05) among SHRs consuming the PL (29.5 μg/mL) diet versus those consuming the AIN-76A (43.0 μg/mL) and C (38.6 μg/mL) diets. Although not statistically significant, plasma adiponectin levels were reduced among SHRs assigned to the CG (35.1 μg/mL) and SPG (31.5 μg/mL) dietary groups. Among SHRs assigned to the different dietary groups, the lowest hsCRP levels were present in the plasma of those consuming the SPG diet (1084.2 μg/mL) followed by those consuming the C diet (1092.2 μg/mL). Diets containing CG (1164.0 μg/mL) and PL (1452.0 μg/mL) resulted in decreased plasma hsCRP concentrations.




3.4. Antioxidant Capacity


The antioxidant capacity of SHR plasma was significantly reduced following the consumption of the CG (5.8 mMole/TE), PL (5.6 mMole/TE) and SPG (5.6 mMole/TE) diets (Figure 2).




3.5. Lipid Profile


In comparison to the control diet (97.0 mg/dL), triglyceride levels were increased among SHRs consuming the PL (113.0 mg/dL) and SPG (118.4 mg/dL) diets and decreased following the consumption of the CG diet (92.2 mg/dL) (Table 5). Although not significant, total cholesterol and LDL-C + VLDL-C levels were decreased among SHRs consuming the CG, PL and SPG diets in comparison to the AIN-76A and control diets. In comparison to the control diet (33.7 mg/dL), levels of HDL-C were increased among SHRs consuming the CG (38.7 mg/dL) and PL (41.3 mg/dL) diets.





4. Discussion


The imbalance in the ω-6/ω-3 FAR (e.g., 25:1), as seen in traditional Western dietary practices, further exacerbated the increased risk of hypertension and other CVDs risk factors as demonstrated in the present study. Throughout the duration of the study, as well as at the conclusion of the research, SHRs consuming the control, CG, PL and SPG diets weighed significantly more than those consuming the AIN-76A diet, possibly explained by the caloric density of the AIN-76A diet. AIN-76A diet had fewer calories per 100 grams and less than 3 times the amount of total fat. The ability of diets containing CG, PL and SPG to promote an attenuation in systolic blood pressure corroborate previous research demonstrating the ability of cruciferous and green, leafy vegetables to reduce blood pressure and reduce the risks associated with CVD [32,33,34]. The reduction in blood pressure is probably attributed to the vasodilative and subsequent antihypertensive effects of the antioxidant compounds such as quercetin, which is commonly found in these vegetables [35,36,37,38].



Levels of adiponectin, an adipose-specific protein, are inversely associated with levels of adiposity [39]. Consequently, lower levels of adiponectin are linked to increased risk for obesity, insulin resistance, diabetes, cardiovascular and other diseases [40,41,42]. Increases in plasma adiponectin concentrations have been observed with the obstruction of the renin-angiotensin system [43], increased HDL concentrations, and decreased body mass index [44]. The consumption of purslane seeds for 16 weeks resulted in significant decreases in blood glucose, LDL cholesterol, total cholesterol and triglycerides and a significant increase in HDL cholesterol [45]. Additionally, purslane has been demonstrated to reduce the risks associated with oxidative stress, cardiovascular disease and other diseases [46,47]. In a study by Hussein purslane extract incorporated into a high-fat diet was able to inhibit weight gain and improve insulin resistance [48]. Although adiponectin concentrations were not measured in this study, one would anticipate increased levels of adiponectin based on its relationship with the parameters studied.



In the present study, plasma adiponectin was not increased in SHRs consuming diets containing CG, PL and SPG. Research suggests a positive relationship with omega-3 fatty acid supplementation and adiponectin, with adiponectin levels increasing with increasing omega-3 fatty acid intake [49,50]. Furthermore, it has been suggested that the risk for obesity increases with an increase in the omega-6/omega-3 fatty acid ratio [51]. The elevated omega-6/omega-3 fatty acid ratio in the current study may in part explain the reductions in plasma adiponectin. Dietary fat is hypothesized to decrease adiponectin levels by increasing susceptibility to weight gain, obesity and inflammation [52,53,54]. While decreases in plasma adiponectin concentrations have been reported with increased dietary fat [55], others have reported plasma adiponectin concentrations to be positively associated with total dietary fat intake [56]; high fat intakes have also been reported to exert no influence on adiponectin concentrations [57,58]. Consequently, research findings concerning the relationship between dietary fat and adiponectin concentrations are inconclusive. Although some of current findings of this study were not in agreement with previous research, it is hypothesized that longer term feeding of diets may enhance the clinical cardioprotecive effects of the GLVs within diets with an elevated omega-6/omega-3 fatty acid ratio.



In addition to dietary fat, the dietary fiber and antioxidant compounds contained in CG, PL and SPG may have influenced SHR plasma adiponectin concentrations. Research has affirmed that increased diet quality (e.g., increased consumption of whole grains, fruit, vegetables, nuts/legumes, long-chain fats, and PUFAs) favorable influences plasma biomarkers such as adiponectin [59]. Increased consumption of fruits and vegetables, rich plant sources of dietary antioxidants, have been connected with increased antioxidant concentrations associated with increased adiponectin concentrations [60] as well as decreased central adiposity and oxidative stress. The importance of individual dietary constituents acting in synergy during nutrient metabolism, more specifically dietary fiber and dietary antioxidants, has recently been highlighted as dietary fiber may act as a carrier of antioxidants and assist in transport [61]. However, in the current study the mechanisms and effectiveness of dietary fiber as a carrier for dietary antioxidants and subsequent influence on adiponectin concentrations were not determined. Furthermore, dietary fiber has been demonstrated to significantly interact with the adiponectin gene polymorphism to influence adiponectin concentration, with GG homozygotic individuals displaying significantly greater adiponectin concentrations, even with low fiber intake [62]. In addition, it has been indicated that the total antioxidant capacity of the diet is related to central adiposity and disease risk, with individuals having greater dietary antioxidant capacities exhibiting less central adiposity and disease risk (i.e., higher HDL-C, lower triglyceride concentration, total cholesterol: HDL-C ratio and LDL-C) [63]. Because diets containing GLVs contained greater dietary fiber and antioxidant concentrations, it would be expected that these diets would elicit significantly greater antioxidant and adiponectin concentrations in the SHR as well. Unfortunately, our findings did not meet this expectation.



In addition, increased plasma hsCRP levels among SHRs consuming the PL and SPG diets may be related to lower plasma adiponectin concentrations. The ability of adiponectin to regulate CRP synthesis has been demonstrated, with higher levels of adiponectin suppressing the synthesis of CRP in endothelial cells [64]. Research indicates higher dietary antioxidant capacities to be positively associated with increased adiponectin levels [65] and decreased CRP levels [66]. Higher levels of (dietary) antioxidants are believed to indirectly increase adiponectin concentrations by decreasing oxidative stress, which reduces the expression of adiponectin [67]. The lower plasma antioxidant capacities, as shown in this research, among SHRs consuming diets containing GLVs- rich sources of antioxidant compounds, versus those consuming diets void of GLVs may be attributed to factors such as decreased antioxidant bioavailability (e.g., interactions with other nutrients and components of the food matrix) and the physiological status of the SHRs [68,69].



Kahlon et al., demonstrated the ability of CG to exert a hypocholesterolemic effect in vitro, the influence of which was significantly enhanced following steam cooking [70,71]. The observed hypocholesterolemic ability of CG in this research is believed to be attributed to antioxidant compounds (e.g., sulforaphane, isothiocyanates) and other nutrient fractions, as well as physical and chemical conformational changes that influence hydrophobicity, active binding sites and the stimulation of the synthesis of detoxifying enzymes that facilitate the binding and excretion of bile acids. The increased fecal excretion of bile acids, reductions in both serum and liver total cholesterol and reduced liver triglycerides have been observed in male Sprague-Dawley rats fed cholesterol-free diets containing 5% SPG for 4 weeks; all observations were statistically significant with the exception of serum total cholesterol [72]. Besides the polyphenol and sterols present in SPG, insoluble dietary fibers and water-soluble viscous polysaccharides are suggested to participate in the hypocholesterolemic process.



In the present study, feeding CG, PL and SPG all exerted a non-significant hypocholesterolemic effect; a non-significant hypotriglycemic effect was observed following the consumption of the CG diet. The hypocholesterolemic effects of vegetables may be explained in part by the presence of dietary fibers, which bind bile acids for excretion, stimulate the conversion of free cholesterol to bile acid(s) and impede cholesterol synthesis [73,74]. The increased HDL-C levels following the consumption of diets containing CG and PL, although not statistically significant, are in agreement with findings correlating vegetable consumption to increased HDL-C levels [75]. Furthermore, increased consumption of dietary fiber from vegetable products has been associated with decreased total cholesterol, plasma C-reactive protein and LDL-C, in addition to increased HDL-C and decreased risk for cardiovascular and other diseases [76,77]. This is of particular significance as HDL-C is inversely related to CVD risk and mortality, with individuals with higher HDL-C levels often demonstrating lower disease risk and mortality [78]. Other research has revealed the ability of CG, PL and SPG to influence the erythrocyte fatty acid profile of spontaneously hypertensive rats [79].



Reductions in systolic blood pressure and total cholesterol among SHRs consuming diets containing GLVs in this study suggest the potential mediation of these parameters by tissue omega-3 fatty acids. Although findings have been inconclusive, generally increasing dietary omega-3 fatty acids have been associated with decreased risk for CVD risk, exhibited in influences on hsCRP, triglycerides, LDL-C and HDL-C [80]. Mechanisms by which omega-3 fatty acids reduce CVD risk include mediating eicosanoid metabolism and gene expression, increased endothelial relaxation, as well as decreasing platelet aggregation, triglyceride levels, blood pressure [81]. However, many of these mechanisms remain unclear.



Although the current research study did not focus on the mechanisms whereby which the nutritional, chemical, antioxidant and bioactive compounds within the GLVs were able to mitigate the risks for CVD, several metabolic pathways may be initiated or suppressed that may to some extent offer insight to the observed findings. For example, reductions in oxidative stress, inflammation, blood pressure and improved endothelial function may be mediated by compounds such as nitrates [82], phytochemicals [83], flavonoids [84], polyphenols [85] and omega-3 fatty acids [86], which are commonly found in GLVs such as collard greens, purslane and sweet potato greens. While brown and white adipose tissue levels were not measured, research has demonstrated that these tissues play a vital role in lipid storage, endocrine function, adipokine concentrations and inflammation [87]. Understanding the functioning and mechanisms of specific compounds within these GLVs may also potentially provide awareness regarding the differential effects of GLVs on lipid profile (e.g., TC, TAG, HDL-C, LDL-C), oxidative status and adipokine concentrations.




5. Conclusions


The increased risk for high blood pressure and other cardiovascular diseases, the leading cause of morbidity and mortality in the United States, is associated with the consumption of diets rich in ω-6 fatty acids and other atherogenic dietary components (e.g., excessive saturated fats, trans fats, cholesterol, and sodium). This research study examined the influence of traditional and nontraditional GLVs on disease risk, when incorporated into diets with an ω-6: ω-3 FAR reflective of the typical American diet (i.e., 25:1). The ability of these GLVs to favorably modulate blood pressure and lipid metabolism within an animal model predisposed to developing hypertension was made evident. Dietary fibers, antioxidant compounds and ω-3 fatty acids contained in these GLVs are believed to act in synergy to modulate blood pressure, gene expression, inflammatory process, lipid and lipoprotein concentrations. These facts lead to the question of the impact of other ω-6: ω-3 FARs on the same metabolic parameters measured in the study.



As the SHR is an animal model commonly employed to investigate the mechanisms of high blood pressure pathogenesis and progression and extrapolation to humans, the findings of this research may have implications for human health. Based on past and current research findings, particular emphasis should be placed on the inclusion of collard greens, purslane and sweet potato greens into an integrative dietary intervention to prevent high blood pressure, dyslipidemia (i.e., hypercholesterolemia, hypertriglyceridemia), and inflammation associated with CVD. In addition to CVD, risks associated with other diseases such as atherosclerosis, diabetes, cancer and other inflammatory conditions may potentially be reduced as well with the consumption of these vegetables. Results of this study contribute to the emergent body of evidence supporting the additive and synergistic contributions of dietary constituents such as dietary fibers, antioxidants, bioactive compounds and fatty acids, to health promotion and disease prevention. Future research studies may want to consider the inclusion of measurements of additional inflammatory cytokines (e.g., IL-6, IL-1, TNF-, etc.), endothelial function, genotypic and phenotypic modifications, lipid metabolism and aggregate cardiometabolic effects of collard greens, purslane and sweetpotato greens.
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