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Abstract

:

Sargassum horneri is a seaweed with antihypertensive properties. However, it is underutilized in some areas, and effective utilization methods are being sought. In this study, we prepared a fermented S. horneri using lactic acid bacteria Lactiplantibacillus pentosus SN001 and investigated its effective utilization by enhancing its antihypertensive effect. The ACE inhibitory activity of S. horneri ranged from 3.6% to a maximum of 63.3% after fermentation. In vivo studies using mice and spontaneously hypertensive rats (SHR) suggested an antihypertensive effect of fermented S. horneri. Purification and NMR analysis of the ACE inhibitory component in fermented S. horneri identified glycerol. Therefore, it is suggested that glycerol is responsible for the strong antihypertensive effect of fermented S. horneri. In conclusion, S. horneri is expected to be used as a dietary ingredient with enhanced antihypertensive effect by fermentation with L. pentosus SN001.
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1. Introduction


Seaweeds are divided into green, brown, and red algae based on their coloration [1]. Seaweeds contain bioactive components such as phlorotannins and polysaccharides that differ from land plants and have various functional properties [2]. S. horneri (Turner) C. Agardh is an annual seaweed belonging to the family of brown algae, and is found in shallow water areas of Japan except Hokkaido [3]. S. horneri contains high amounts of fucoidan [4], and fucoidan has been reported to have antihypertensive, anti-inflammatory, and antitumor activities [5,6,7]. However, in Korea, it is either discarded or used as fertilizer or livestock feed, which calls for its effective utilization [8].



Hypertension is defined as systolic blood pressure (SBP) greater than 140 mmHg or diastolic blood pressure greater than 90 mmHg [9]. Hypertension is broadly divided into essential hypertension and secondary hypertension [10]. Essential hypertension is caused by many factors, while secondary hypertension has an identified cause [10]. In the present study, we focused on essential hypertension and used inhibition of the renin-angiotensin system (RAS), which is involved in the hypertensive system, as an index of antihypertensive action, because angiotensin II in the RAS system plays a crucial role in a series of disorders of the cardiovascular system, including hypertension. Inhibition of the RAS system is believed to be effective in lowering blood pressure level [11]. Pharmaceutical ACE inhibitors include captopril, but captopril is known to cause side effects such as cough and taste disorder, and food-derived ACE inhibitors with fewer side effects are sought [12].



Seaweed fermentation is a method developed as a new way to utilize seaweed, focusing on fermentation by microorganisms, considering effective utilization of the entire algae and processing costs [13]. Unlike fermentation techniques for vegetable materials, which have been widely used in the past, marine materials have not been studied, so a technique was developed for lactic acid fermentation of seaweeds using lactic acid bacteria [13]. In seaweed fermentation using lactic acid bacteria, enhancement of the antihypertensive effect of hidaka kelp by Lacticaseibacillus casei 001 fermentation and GABA production by Lactiplantibacillus pentosus SN001 have been reported [14,15]. Phlorotannins, plant polyphenols, have been reported as ACE inhibitory components of brown algae extracts [16], and it has also been reported that Lactiplantibacillus plantarum fermentation increases polyphenol content [17]. In addition, Gln-Val-Glu-Tyr from the red alga Gracilariopsis lemaneiformis [18], and Pro-Ala-Phe-Gly from the green alga Enteromorpha clathrata [19] and D-tryptophan from the brown alga Saccharina angustata [14] have been isolated. Lactic acid bacteria, including L. pentosus SN001, have proteases, which break down proteins and are expected to produce ACE inhibitory components. Therefore, if their antihypertensive effect can be enhanced by fermentation, they can be effectively utilized. In this study, S. horneri was fermented with Lactiplantibacillus pentosus SN001 to investigate the enhancement of ACE inhibitory activity, a parameter of antihypertensive activity. In addition, we evaluated the antihypertensive effect in vivo by conducting in vivo studies using the fermented S. horneri. We attempted to identify the ACE inhibitory components in fermented S. horneri through purification and NMR analysis. Through these experiments, we aimed to present a method for effective utilization of S. horneri.




2. Materials and Methods


2.1. Materials and Reagents


S. horneri were harvested in Oki, Shimane Prefecture, and delivered frozen. Potassium dihydrogen phosphate, disodium hydrogen phosphate, hydrochloric acid, sodium hydroxide, angiotensin I, special grade methanol, dipotassium hydrogen phosphate, diammonium hydrogen citrate, magnesium sulfate heptahydrate, iron(II) sulfate heptahydrate, manganese(II) sulfate tetrahydrate, Tween-80, L-cysteine, sodium chloride, L-cysteine hydrochloride monohydrate, and tert-butylhydroquinone were purchased from Fujifilm Wako Pure Chemicals Co., (Osaka, Japan). β-cornstarch, milk casein, α-cornstarch, sucrose, soybean oil, cellulose, AIN-76 mineral mixture, and AIN-76A vitamin mixture (without choline bitartrate) were purchased from Oriental Yeast Co., (Tokyo, Japan). Cellulase (ONOZUKA-R10) was purchased from Yakult Pharmaceutical Industries, Ltd. (Tokyo, Japan). Special grade 1-butanol and special grade chloroform were purchased from KOKUSAN CHEMICAL Co., Ltd. (Tokyo, Japan). The ACE Kit-WST was purchased from Dojin Chemical Research Institute (Kumamoto, Japan). Acetonitrile was purchased from Sigma-Aldrich (St. Louis, MO, USA). BCP plate counting agar “Nissui” was purchased from Nissui Pharmaceutical Co., (Tokyo, Japan). Tryptone, yeast extract, and proteose peptone were purchased from Becton Dickinson and Co., (Franklin Lakes, NJ, USA).




2.2. Fermentation of S. horneri with L. pentosus SN001


S. horneri was washed with water, freeze-dried, and crushed using a mixer. After crushing, the powder was sieved through a 500 μm mesh and used for the experiment. The S. horneri powder (5 g) was added to 100 mL of 33 mM phosphate buffer and adjusted to pH 5.0 using 1 N hydrochloric acid. Cellulase (ONOZUKAR-10) was added (50 mg) and enzymatically treated (Bioshaker BR-3000L, Taitec, Co., Ltd., Saitama, Japan, 45 °C, 120 rpm, 24 h). pH 6.8 was adjusted with 10 M sodium hydroxide, and the cells were pressurized and heat sterilized (121 °C, 15 min). The pre-cultured L. pentosus SN001 (1 mL) was inoculated into S. horneri medium and incubated at 30 °C for 7 days. The pre-culture was performed in ILS medium (10 g/L tryptone, 5 g/L yeast extract, 3 g/L proteose peptone, 3 g/L K2HPO4, 3 g/L KH2PO4, 2 g/L diammonium hydrogen citrate, 550 mg/L MgSO4-7H2O, 34 mg/L FeSO4-7H2O, 120 mg/L MnSO4-4H2O, 1 g/L Tween-80, 200 mg/L L-cysteine monohydrochloride, 1.7 g/L CH3COONa-3H2O, 20 g/L glucose). Pre-culture was performed to activate the bacteria that had been stored at −80 °C. The number of viable cell counts and pH changes over time during 7 days of incubation were evaluated, with unfermented as day 0. The viable cell counts were calculated using the BCP plate count agar “Nissui”.




2.3. ACE Inhibitory Activity of Fermented S. horneri


Fermented S. horneri was lyophilized and extracted with 80% ethanol (10 mg/mL, 170 rpm, 3 h). Centrifugation (13,000× g, 5 min) was performed, and the supernatant was lyophilized and used as the sample for assay. The final concentration was 0.83 mg/mL and the ACE inhibition activity was measured according to the ACE-kit WST protocol.




2.4. Blood Pressure Test Using ddY Mice


Experimental animals were ddY mice (Sankyo Lab Service, Tokyo, Japan, 5-weeks-old, male), which were acclimated for 1 week. The mice were kept in a breeding room at 25 ± 0.5 °C and 60 ± 3% humidity. The light-dark cycle was 12 h, and water and feed (MR stock, Nosan Corporation, Yokohama, Japan) were given ad libitum. The mice were randomly divided into three groups of five mice per group, control, unfermented and fermented group. The blood pressure test was a modified version of an existing protocol [20]. Unfermented (1500 mg/kg bw) and fermented (1500 mg/kg bw) extracts dissolved in distilled water were administered directly into the stomach using a sonde, and the mice were placed in a measuring gauge. The mice in the control group were administered distilled water. Blood pressure was measured 30 min after administration. Angiotensin I (AI, 0.1 mL) was administered into the abdominal cavity. Two minutes after AI administration, the blood pressure was kept still and measured. Blood pressure was measured using a non-thermal, non-observational blood pressure monitor for mice and rats (BLOOD PRESSURE MONITOR FOR MICE&RAT Model MK-2000, Muromachi Kikai Co., Tokyo, Japan). Steel-Dwass test was used for significant difference test, and p < 0.05 was used for significant difference.




2.5. Blood Pressure Test Using SHR


Experimental animals were SHR (Sankyo Lab Service, Tokyo, Japan, 14-week-old, male), which were acclimated for 1 week. The rats were kept in a breeding room at a temperature of 25 ± 0.5 °C and 60 ± 10% humidity. The light-dark cycle was 12 h. The rats were divided into groups of 6 rats per group with equal blood pressure values, and the two groups control and fermented group, received different diets ad libitum. The composition of each experimental diet is shown in Table 1. In the fermentation group, NaCl level was adjusted to 1%, the same as in the control group. Fermented S. horneri was adjusted to 5%. The diets were administred for 65 days. Blood pressure was measured using a non-thermal, non-observational blood pressure monitor for mice and rats (BLOOD PRESSURE MONITOR FOR MICE&RAT Model MK-2000). All blood pressure measurements were taken in the morning after 8:00 a.m. Blood pressure readings were rejected for outliers by Smirnoff’s rejection test. A t-test was used for significant tests, with p < 0.05 for significant differences.




2.6. Purification and Structure Determination of ACE Inhibitor Components


Ethanol extraction was performed on fermented S. horneri. Liquid-liquid partitioning of the aqueous layer with ethyl acetate followed by liquid-liquid partitioning of the resulting aqueous layer with water:1-butanol was performed to obtain the ACE inhibitory component in the aqueous layer. The aqueous layer was further fractionated into four fractions (<3 kDa, 3–10 kDa, 10–30 kDa, and >30 kDa) using a Vivaspin 20 column (Sartorius Stedim Lab Ltd., Goettingen, Germany). Nuclear magnetic resonance (NMR) was used to identify ACE inhibitory components.





3. Results


3.1. Fermentation of S. horneri with L. pentosus SN001 and ACE Inhibitory Activity


Figure 1A shows the daily changes in viable cell counts and pH of the fermented S. horneri. The viable cell counts increased from 1.0 × 107 to 2.0 × 108 within 1 day of incubation. The pH decreased from 6.47 to 3.99. Figure 1B shows the daily changes ACE inhibitory activity. The ACE inhibition activity of the fermented S. horneri extracted with 80% ethanol was 57% on the first day of incubation, and the maximum ACE inhibition activity was 63% on the fourth day of incubation. Thereafter, the 4-day incubated S. horneri was used as fermented.




3.2. Blood Pressure Test Using ddY Mice


Systolic blood pressure levels before and after AI treatment on the ddY mice are shown in Figure 2. The SBP levels after AI injection were 46 mmHg, 25 mmHg, and 38 mmHg higher in the control, fermented, and unfermented groups, respectively, than before. The systolic blood pressure levels in the fermented group were significantly lower than those of the control group.




3.3. Blood Pressure Test Using SHR


The daily changes in blood pressure levels on the SHR are shown in Figure 3. No significant differences in body weight or food intake were observed among the study segments. The SBP values of the fermentation group were always lower than those of the control group after 7 days. Significant differences were also observed at 15, 18, 22, 29, 33, 40, and 65 days.




3.4. Purification and Identification of ACE Inhibitory Components


Vivaspin fractionation resulted in high ACE inhibitory activity and weight in the <3 kDa fraction. Next, high ACE inhibitory activity was found in the 3–10 kDa and >30 kDa fractions, with little activity in the 10–30 kDa fractions. Thus, the major ACE inhibitor was found to be in the <3 kDa molecular size fraction. Therefore, NMR analysis of the <3 kDa fraction was performed.




3.5. Purification and Structure Determination of ACE Inhibitor Components


Nuclear magnetic resonance (NMR) was used for identification and glycerol was identified; NMR results are shown in Figure 4 and Table 2. The structure of glycerol is also shown in Figure 5. In addition, ACE inhibitory activity was measured using the identified glycerol standard and is shown in Figure 6. The approximation curve revealed that glycerol caused 50% ACE inhibition at a volume concentration of 1.78%, indicating that glycerol has ACE inhibitory activity.





4. Discussion


In this study, S. horneri was fermented with L. pentosus SN001 to investigate the enhancement of ACE inhibitory activity, a parameter of antihypertensive activity. Fermentation of S. horneri by L. pentosus SN001 was found to enhance ACE inhibitory activity. The SBP levels after AI injection were 46 mmHg, 25 mmHg, and 38 mmHg higher in the control, fermented, and unfermented groups, respectively, than before. In the SHR test, the blood pressure levels in the fermented group showed lower compared to those of the control group. In abalone viscera, L. casei 001 fermentation has been reported to reduce blood pressure levels in AI-injected ddY mice and SHR, and homalin has been identified as a component involved in blood pressure reduction [20]. Therefore, in this study, we isolated and purified similarly fermented S. horneri and performed NMR measurements to identify components with ACE inhibitory activity. The fermented S. horneri was isolated, purified, and subjected to NMR to identify components with ACE inhibitory activity. As the result, glycerol was identified. The absence of glycerol in the S. horneri and pre-cultures suggested that glycerol was first produced when S. horneri was fermented with L. pentosus SN001. Glycerol is 1,2,3-propantriol, a simple alcohol with many uses as a raw material in the manufacture of foods and chemicals [21]. Previous studies related to blood pressure have reported the antihypertensive effects of a combination of uracil and glycerol from Lactobacillus plantarum strain TWK10 [22]. The mechanism has been identified as vasodilatation due to renin inhibitors, ACE inhibitors, and enhanced NO production [22]. In the previous study, uracil was identified in the fermentation product using the same L. pentosus SN001 [23]. Furthermore, it was reported that the content of glycerol and uracil increased in fermented vegetable juices from L. plantarum HY7712 and L. helveticus HY7801 fermentations, respectively [24]. Therefore, it may be suggested that fermented S. horneri exhibit ACE inhibitory activity due to the action of both glycerol identified in this study and uracil produced by the fermentation with L. pentosus SN001.




5. Conclusions


In this study, the fermentation of underutilized resource S. horneri with L. pentosus SN001 was found to enhance ACE inhibitory activity and antihypertensive effects in vivo. Furthermore, glycerol was identified as a result of the identification of ACE inhibitory components in the fermented product. Therefore, S. horneri fermented with L. pentosus SN001 is expected to be utilized as a functional material with antihypertensive activity. This achievement is expected to lead to effective utilization of S. horneri, and the identification of glycerol is expected to provide important knowledge in the field of medicine and pharmaceuticals.
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Figure 1. Viable cell counts (●) and pH (■) of L. pentosus SN001 fermented S. horneri (A), ACE inhibition activity (final concentration: 0.83 mg/mL) (B) The data represented the mean values ± standard error (n = 4). 
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Figure 2. Systolic blood pressure results before and after AI administration in ddY mice loaded with AI, p < 0.05 Fermented vs. Control (*); The data represented the mean values ± standard error (n = 5). 
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Figure 3. Systolic blood pressure of spontaneously hypertensive rats (SBP) treated with different products: Control (▲) and Fermented (●), p < 0.05 (*), The data represented the mean values ± standard error (n = 6). 






Figure 3. Systolic blood pressure of spontaneously hypertensive rats (SBP) treated with different products: Control (▲) and Fermented (●), p < 0.05 (*), The data represented the mean values ± standard error (n = 6).



[image: Fermentation 08 00330 g003]







[image: Fermentation 08 00330 g004a 550][image: Fermentation 08 00330 g004b 550][image: Fermentation 08 00330 g004c 550] 





Figure 4. Nuclear magnetic resonance (NMR) spectrum of glycerol; (A) 1H-NMR spectrum of the purified fraction; (B) 1H-NMR spectrum of the purified fraction (enlarged); (C) 1H-1H COSY spectrum of the purified fraction; (D) 13C-NMR spectrum of the purified fraction; (E) 1H-13C HSQC spectrum of the purified fraction. 
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Figure 5. The structure of glycerol. 
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Figure 6. ACE inhibitory rate at each concentration of glycerol; The data represented the mean values ± standard error (n = 3). 
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Table 1. Diet composition.






Table 1. Diet composition.





	Total Ingredients (g/kg)
	Control
	Fermented





	β-Cornstarch
	392
	345.5



	Milk casein
	195
	195



	α-Cornstarch
	132
	132



	Sucrose
	100
	100



	Soybean oil
	70
	70



	Cellulose
	50
	50



	AIN-76 Mineral mixture
	35
	35



	AIN-76A Vitamin mixture
	12.5
	12.5



	L-Cysteine
	3
	3



	TBHQ
	0.014
	0.014



	NaCl
	10
	6.5



	Fermented S. horneri
	0
	50
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Table 2. NMR data for the compound.
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	No.
	δH, Multiplicity
	(J in Hz)
	δC
	COSY





	1a
	3.52, dd (3.8, 11.7)
	2H
	62.5
	H1b, H2



	1b
	3.43, dd (6.4, 11.8)
	2H
	
	H1a, H2



	2
	3.65, multiplet
	1H
	72
	H1a, H1b







1H-NMR 600 MHz, 13C-NMR 150 MHz (solvent: D2O).
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