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Abalone viscera, which accounts for more than 20% of body weight, is typically discarded. With increases in
abalone aquaculture production, novel uses for abalone viscera are needed. Here, we evaluated the effects of
abalone viscera fermented with Lactiplantibacillus pentosus SNOO1 on angiotensin-converting enzyme (ACE) ac-
tivity and blood pressure elevation in spontaneously hypertensive rats. The fermented product significantly
reduced systolic blood pressure compared with the control. There were no significant differences in blood
glucose, triglyceride, total cholesterol, or high-density lipoprotein cholesterol levels; alanine aminotransferase
activity; and aspartate aminotransferase activity between the fermented product and control groups. Uracil was
isolated and identified from the fermented product. Uracil may be the active component. Overall, L. pentosus
SNO0O1-fermented abalone viscera showed sustained inhibitory effects on blood pressure elevation but did not
alter blood components after long-term intake. These results provide insights into the safety of L. pentosus SNO01-
fermented abalone viscera as a food product.

1. Introduction the different geographic regions in which they are produced (Swain,

Anandharaj, Ray, & Rani, 2014). Fermentation is the process of

Abalone aquaculture production is increasing annually, with aqua-
culture production in 2019 equivalent to approximately four times that
of a decade ago (FAO Fisheries and Aquaculture, 2021). Typically, the
viscera, which accounts for 20-30% of the total weight of the abalone, is
discarded during industrial processing (Li, Lin, Chen, & Fang, 2015),
resulting in significant waste of natural resources and environmental
pollution. However, abalone viscera contain useful substances, such as
proteins, fatty acids, and polysaccharides, which are beneficial to health
(Zhu et al., 2010). Therefore, it is necessary to develop effective methods
for the use of discarded abalone viscera.

Fermentation is a means of improving the quality and shelf life of
foods. Lactic acid bacteria (LAB) have been used to ferment foods for at
least 4000 years (Rotar et al., 2007). Fermented foods and beverages
vary dramatically according to the traditions and cultural preferences of

decomposition of organic matter induced by microorganisms or en-
zymes, resulting in conversion of carbohydrates into alcohols or organic
acids (Battcock & Azam-Ali, 1998). Fermentation of fish has many ad-
vantages and features, making this approach useful for improving the
organic quality, nutritional value, and digestibility of the product
(Speranza et al., 2017). LAB can easily and reproducibly ferment fish
visceral waste (Vaquez et al., 2011), and fermentation by LAB has been
shown to have antihypertensive (Garbowska, Pluta, & Berthold-Pluta,
2019) and cholesterol-lowering effects (El-Dein et al., 2021). Addition-
ally, Lactobacillus pentosus has been reported to have probiotic properties
(Guantario et al., 2018) and angiotensin-converting enzyme (ACE)
inhibitory activity (Fujimura, Shimura, Nagai, & Hamada-Sato, 2021).
Thus, foods developed through the fermentation of LAB are expected to
have various applications.
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Hypertension is an important risk factor for the development of
cardiovascular diseases (Unger, 2002). The development of hyperten-
sion is influenced by a number of factors, such as genetic disposition,
aging, overweightness, and lifestyle (Pihlanto, Virtanen, & Korhonen,
2010). ACE is a multifunctional enzyme related to the renin-angiotensin
system that regulates blood pressure and catalyses both the production
of the vasoconstrictor angiotensin II and the inactivation of the vaso-
dilator bradykinin (Hernandez-Ledesma et al., 2004). ACE inhibitors,
such as captopril and enalapril, inhibit ACE but exhibit many side ef-
fects, including zinc deficiency, cough, hypotension, and dizziness
(Beeuf-Gibot et al., 2020). Therefore, food-derived components with ACE
inhibitory activity have been studied, and ACE inhibitory components
have been reported in goat milk (Shu et al., 2018), mushrooms (Pai-
sansak et al., 2021), fish (Chen et al., 2019), and walnuts (Chen et al.,
2020).

Fermentation of abalone viscera with LAB is expected to have
beneficial effects, particularly with regard to suppression of blood
pressure elevation. In a previous study, abalone viscera fermented with
L. casei 001 was shown to have inhibitory effects on blood pressure
elevation in vivo (Fujimura et al., 2021), suggesting that abalone viscera
fermented with LAB may be a promising functional food material for
blood pressure control. However, the applicability of this approach to
other species of LAB and the effects of ingesting fermented abalone
viscera powder on blood components, such as glucose and triglyceride
levels, have not been confirmed. Metabolic products and lipids present
during fermentation vary depending on the species (Chung et al., 2020).
Therefore, it is necessary to examine whether the same effects can be
confirmed in other bacterial species.

In this study, we evaluated whether abalone viscera fermented with
another LAB, L. pentosus SNOO1, inhibited blood pressure elevation in
vivo and examined the applicability of this approach. We used ACE
inhibitory activity as an indicator of inhibition of blood pressure
elevation. We assessed the effects of long-term intake of fermented
abalone viscera on blood components and identified components spe-
cific to fermented products with ACE inhibitory activity. This will allow
us to evaluate whether the fermentation of abalone viscera by LAB can
be applied to other LAB as well. In addition, we will evaluate the safety
of fermented abalone viscera as a food by checking its effects on blood
composition and weight change after long-term intake.

2. Materials and methods
2.1. Materials

Viscera were obtained from Australian Blacklip abalone (Haliotis
rubra) cultured in Australia, frozen, and shipped. b(+)-Glucose,
NayHPO4, KHyPO4, NaOH, soybean oil, tert-butylhydroquinone, NaCl,
isoflurane, glucose CII-Test Wako, TG E-Test Wako, cholesterol E-Test
Wako, high-density lipoprotein (HDL)-cholesterol E-Test Wako, and
transaminase CII-Test Wako were purchased from Fujifilm Wako Pure
Chemical Co. (Osaka, Japan). DO was purchased from Kanto Chemical
Co. (Tokyo, Japan), and the ACE-kit WST was purchased from Dojin
Molecular Technology, Inc. (Kumamoto, Japan). Plate count agar with
bromocresol purple was purchased from Nissui Pharmaceutical Co.
(Tokyo, Japan), and acetonitrile was purchased from Sigma-Aldrich (St.
Louis, MO, USA). B-Corn starch, casein, a-corn starch, sucrose, cellulose,
AIN76 mineral mixture, AIN76A vitamin mixture, and r-cysteine were
purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan).

2.2. Fermentation of abalone by L. pentosus SN001

L. pentosus SNOO1 was incubated in ILS medium (30 °C, 24 h) for
preculture. After freeze-drying, the viscera of Australian blacklip
abalone was ground in a household mixer and sieved through a 500-um
sieve to form a powder. Ten grams abalone viscera powder and 2 g
glucose were added to 100 mL of 33 mM phosphate buffer solution (pH
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5.0), adjusted to pH 6.8 with 1 M NaOH, and sterilised under pressure
and heat (121 °C, 15 min). Then, 1 mL of L. pentosus SN001 (1 0° CFU/
mL) was added and incubated. Viable cell counts and pH were measured
at0, 1, 2, and 4 days. The cultures at 0, 1, 2, and 4 days were lyophilised
and prepared as L. pentosus SNOO1-fermented abalone viscera powder.

2.3. ACE inhibitory activity during fermentation

L. pentosus SNOO1-fermented abalone viscera powder was extracted
with water on days 0, 1, 2, and 4 (10 mg/mL, 50 °C, 125 spm, 1 h) and
centrifuged (13,000 x g, 10 min). After centrifugation, the supernatant
was lyophilised and used for ACE inhibitory activity measurements. ACE
inhibitory activity was measured using an ACE kit-WST (Dojin Molec-
ular Technology, Inc.). Measurements were performed according to the
manufacturer’s protocol, and a microplate reader was used for absor-
bance measurements.

2.4. Long-term effects of fermented abalone

Fourteen-week-old male spontaneously hypertensive rats (SHR/Izm)
were used as experimental animals. The rats were divided into three
groups (n = 6/group) and housed in individual cages. The rats were fed a
standard diet for 1 week after housing to acclimatise them to the envi-
ronment. Each group was fed L. pentosus SNOO1l-fermented abalone
viscera powder mixture (fermented group), unfermented abalone
viscera powder mixture (unfermented group), and a standard diet
(control group). Abalone viscera powder accounted for 5% of the diet.
The rats had free access to food and water. Systolic blood pressure and
body weight were measured during rearing. Systolic blood pressure was
measured automatically by the tail-cuff method using an unheated, non-
invasive Model MK-2000 blood pressure monitor for mice and rats
(Muromachi Kikai Co., Ltd., Tokyo, Japan) under non-anaesthetic con-
ditions. After 9 weeks of treatment, the rats were fasted overnight.
Under isoflurane anesthesia, blood samples were collected, and the
animals were euthanized with blood liberation. Blood glucose, triglyc-
eride, total cholesterol, and HDL-cholesterol levels, as well as alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) activities
were measured using glucose CII-Test Wako, TG E-Test Wako, choles-
terol E-Test Wako, HDL-cholesterol E-Test Wako, and transaminase CII-
Test Wako kits (Fujifilm Wako Pure Chemical Co., Osaka, Japan). The
measurement method followed the manufacturer’s protocol, and a
microplate reader was used for absorbance measurements. All obtained
values were expressed as means =+ standard errors. Rejection of outliers
was performed using Smirnov-Grubbs tests, and significance was eval-
uated using Steel-Dwass tests. The level of statistical significance was set
atp < 0.05.

2.5. Purification of ACE inhibitory components

Fermented abalone viscera powder and unfermented abalone viscera
powder were extracted with water (10 mg/mL, 50 °C, 125 spm, 1 h) and
centrifuged (13,000 x g, 10 min). After centrifugation, the supernatants
were lyophilised and used as aqueous extracts of fermented and unfer-
mented products. The aqueous extracts of fermented and unfermented
products were separated according to molecular weight (>30 kDa, 3-30
kDa, and < 3 kDa) using Vivaspin 20 columns (Sartorius Stedim Lab
Ltd., Goettingen, Germany). The separated fractions were concentrated
in a rotary evaporator and lyophilised. Fractions with high ACE inhi-
bition (aqueous extracts of fermented products [<3 kDa] and unfer-
mented products [<3 kDa]) were dissolved in distilled water, filtered
through a 0.22 pm polyvinylidene difluoride membrane, and subjected
to high-performance liquid chromatography analysis. The column used
for the separation was TSKgel ODS-120 T (4.6 x 250 mm; Tosoh, Tokyo,
Japan), and the mobile phase consisted of distilled water (eluent A) and
acetonitrile (eluent B). The elution conditions were as follows: eluent B,
5%; flow rate, 1.0 mL/min. The collected peaks for fraction 1
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(characteristic of the aqueous extract of fermentation products) were
concentrated using a rotary evaporator and centrifugal concentrator.
The concentrated fraction 1 was separated under the same elution
conditions and purified by concentration in a rotary evaporator and
centrifugal concentrator. The ACE inhibitory activity of the purified
fraction was measured using an ACE kit-WST (Dojin Molecular Tech-
nology, Inc.). The measurements were performed according to the
manufacturer’s protocol, and a microplate reader was used for the
absorbance measurements.

2.6. Identification of ACE inhibitory components

Nuclear magnetic resonance (NMR) and mass spectroscopy (MS)
were used to determine the structure of the purified fraction 1. 'H NMR
was performed by dissolving 3.7 mg fraction 1 in 0.55 mL D20 and then
evaluating the sample using a Bruker ASEND™ 600 MHz (Billerica, MA,
USA). MS was performed by dissolving 10 pg fraction 1 in HyO and then
evaluating the sample using a Bruker micrOTFO-QII (Billerica, MA,
USA).

2.7. Ethical statement

All experiments using animals were conducted in accordance with
the Tokyo University of Marine Science and Technology Guidelines for
Animal Experiments (approval no.: H30-5). This study was conducted in
accordance with the ARRIVE guidelines and in accordance with the UK
Animals (Chemical Procedures) Act 1986 and related guidelines, the
2010/63/EU Directive on Animal Experiments, or the UK National
Institute for Health Research Guide for the Care and Use of Laboratory
Animals (NIH Publication no. 8023, revised 1978).

3. Results
3.1. ACE inhibitory activity during fermentation

As shown in Fig. 1, in L. pentosus SNOO1-fermented abalone viscera,
the viable cell counts increased to 10% CFU/mL after the first day of
incubation, and the pH was below 4 after the first day. The ACE inhi-
bition rate at a final concentration of 0.83 mg/mlL increased to
approximately 80% on day 1 and was maintained thereafter. Thus,
L. pentosus SNOO1-fermented abalone viscera on 1 day of culture was
used in subsequent experiments.

3.2. Long-term effects of fermented abalone

Trends in systolic blood pressure for each group are shown in Fig. 2,
body weight trends are shown in Table 1, and serum parameters are
shown in Table 2.

As shown in Fig. 2, the systolic blood pressure in the control group
fed a standard diet was consistently high from the beginning of the
experiment, and changes were minimal. In contrast, the systolic blood
pressure in the fermented group was lowest among the three groups
after week 4, except for two points, and the values in the fermented
group were significantly lower than those in the control group at four
points (p < 0.05). Body weight gradually increased (Table 1), and there
were no significant differences among groups. The unfermented group
showed significantly higher total cholesterol levels than the control
group (Table 2). However, there were no significant differences in blood
glucose, triglyceride, total cholesterol, and HDL cholesterol levels or in
ALT and AST activities between the fermented and control groups.

3.3. Purification and identification of ACE inhibitory components
As shown in Table 3, fractions below 3 kDa had the highest ACE

inhibitory activity for both aqueous extracts of fermented and unfer-
mented products. From the chromatograms of aqueous extract of the
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Fig. 1. Viable cell counts (¢), pH (@), and angiotensin-converting enzyme
(ACE) inhibition rate (final concentration: 0.83 mg/mL) measured during
fermentation of abalone viscera by Lactobacillus pentosus SNOO1. a. Viable cell
counts and pH, b. ACE inhibition rate. The data represent means + standard
errors (n = 4).
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Fig. 2. Systolic blood pressure in spontaneously hypertensive rats treated with
different products: standard feed (@), unfermented abalone viscera mixture
(M), fermented abalone viscera mixture (a). Fermented and unfermented
abalone viscera mixtures were composed of 5% (w/w) fermented or unfer-
mented abalone viscera mixed with standard feed. The data represent means +
standard errors (n = 6). *p < 0.05 compared with the control.

fermented product (<3 kDa) and unfermented product (<3 kDa) shown
in Fig. 3, a fraction unique to fermented product (fraction 1) was iden-
tified at a retention time of 7.22 min. The ACE inhibitory activity of the
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Table 1
Changes in body weight in spontaneously hypertensive rats during the 9-week
treatment period.

Body weight [g]

Time [weeks] Control Unfermented Fermented
0 334 + 2.3 333+ 3.7 329 + 2.1
1 346 + 2.2 349 + 3.8 341 +£3.8
2 352 + 3.0 356 + 4.5 347 £ 6.1
3 358 + 3.6 360 + 4.4 354 £ 6.8
4 364 + 4.3 364 + 3.6 360 + 6.9
5 369 + 5.0 370 + 4.3 367 £ 8.1
6 373 £5.6 375+ 3.4 371 £8.1
7 376 + 6.0 376 + 3.2 372 +7.7
8 382 +6.3 384 + 3.8 381 +£7.3
9 385 £+ 6.2 384 + 3.7 385+ 7.0

Data are means =+ standard errors (n = 6).

Table 2
Serum parameters for the three groups of spontaneously hypertensive rats.
Control Unfermented Fermented
Glucose [mg/dL] 168.8 + 179.1 £21.5 149.5 +
15.4 10.0
Triglycerides [mg/dL] 60.2 + 5.2 79.9 £ 5.7 69.6 + 1.9
Total cholesterol [mg/dL] 68.3 + 2.5 80.2 + 2.1* 73.7 £ 2.1
HDL-cholesterol [mg/dL] 439+ 2.4 49.4 + 3.0 47.5 + 4.0
Alanine aminotransferase activity 23.2+0.1 23.1+0.2 22.4+0.3
[TU/L]
Aspartate aminotransferase activity =~ 25.2 £+ 0.6 246 £1.2 250+ 1.1
[TU/L]

Data represent means + standard errors (n = 6). *p < 0.05 compared with the
control.

Table 3
Angiotensin-converting enzyme (ACE) inhibition rate. a. Unfermented abalone
viscera, b. fermented abalone viscera.

<3 kDa 3-30 kDa >30 kDa
a
ACE inhibition rate [%] 74.1 £ 0.4 52.7 £ 1.2 282 +1.9
Final concentration [mg/mL] 1.67 1.67 1.67
b
ACE inhibition rate [%] 46.5 + 1.4 30.9 £ 0.7 3.3+0.4
Final concentration [mg/mL] 0.20 0.20 0.20

Data are means + standard errors (n = 3).

purified fraction 1 was higher than that of the fractions below 3 kDa,
with a half-maximal inhibitory concentration value of 0.056 mg/mL.
Fraction 1 was also identified as uracil (C4H4N202) by 'H NMR (Sup-
plementary Fig. 1) and MS analysis (Supplementary Fig. 2).

4. Discussion

Many LAB, including L. pentosus, have hydrolytic enzymes that break
down proteins in the growth medium into short amino acid chains.
These hydrolytic enzymes break down proteins in the growth medium
into short amino acid chains, and their degradation products have also
been found to have ACE inhibitory activity (Daliri, Lee, Park, Kim, & Oh,
2018). In addition, the production of the ACE inhibitory peptide Ala-
Met-Asn by enzymatic hydrolysis in abalone gonads has been reported
(Wu et al., 2015), suggesting that components in the abalone viscera are
degraded by L. pentosus SNOO1 and contribute to the enhancement of
ACE inhibitory activity (Wu et al., 2015). Therefore, the components in
abalone viscera may have been degraded by L. pentosus SNOO1,
contributing to the enhancement of ACE inhibitory activity.

SHRs, a major model of hypertension, are widely used because of
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Fig. 3. Comparison of unfermented and fermented abalone viscera by separa-
tion on a TSKgel ODS-120 T column (4.6 x 250 mm). a. Unfermented abalone
viscera, b. fermented abalone viscera.

their high reliability (Badyal, Dadhich, & Lata, 2003). SHRs have an
initial period of clearly elevated arterial blood pressure, with stable
values starting at week 10 (Fernandez-Vallinas, Miguel, & Alexandre,
2016). In this study, we used SHRs at 15-23 weeks of age. Fermented
abalone viscera powder decreased the systolic blood pressure of the
SHRs during this period. Additionally, the group that consumed
L. pentosus SNOO1-fermented abalone viscera powder showed consis-
tently low blood pressure, suggesting that this treatment had stable,
long-term inhibitory effects on blood pressure elevation.

Because there were no significant differences in the weekly trends of
food intake among groups (unpublished data), anorexia due to sample
mixing was not confirmed, and there were no differences in food intake
among the groups. In addition, body weight gradually increased, and
there were no significant differences between groups. Significant
changes in body weight among test groups have been used as indicators
of growth inhibition in rats (Manoharan, Shuib, Abdullah, Ashrafzadeh,
& Kabir, 2018). In this study, we found no significant differences be-
tween the fermented and control groups, suggesting that administration
of fermented abalone viscera did not inhibit the growth of rats. Also,
abalone viscera were fed at 2.46 g/day/kg body wt of the rat from the
average of body weight and food intake.

Blood glucose levels can be used to assess the presence of diabetes
mellitus (Fujiwara et al., 2020). The blood glucose levels in the fer-
mented group were the lowest and were approximately 20 mg/dL lower
than those in the control group, although the difference was not sig-
nificant. LAB consume glucose during metabolism (Cubas-Cano,
Gonzalez-Fernandez, Ballesteros, & Tomas-Pejo, 2018). In addition,
administration of a closely related species, L. plantarum, decreases the
amount of glucose in the blood (da Costa et al., 2019). This suggests that
glucose consumption by L. pentosus SNOO1 and lowering of blood
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glucose concentration by Lactobacillus ingestion may explain why the
fermented group showed lower blood glucose concentrations than un-
fermented group and control group.

Cholesterol and triglycerides are important parameters in cardio-
vascular disease (Tekkesin et al., 2020). The unfermented group, in
which rats consumed abalone viscera powder, tended to have higher
levels of triglycerides in the blood, and total cholesterol was signifi-
cantly higher than that in the control group. The lipid content in the
abalone hepatopancreas and gonads is high, ranging from 36 to 131 mg/
g (dry mass), because the hepatopancreas is used for lipid storage in
abalone tissue (Nelson, Leighton, Phleger, & Nichols, 2002). The un-
fermented group ingested abalone viscera powder with high lipid con-
tent, which may have resulted in high levels of triglycerides and total
cholesterol in the blood. L. pentosus is a plant lactic acid bacterium that
shows probiotic effects and is reported to be resistant to gastrointestinal
conditions in vitro (Yuasa, Shimada, Matsuzaki, Eguchi, & Tominaga,
2021; Zielinska). The cholesterol-lowering mechanisms of Lactobacillus
strains include the ability to bind to cholesterol in the small intestine and
via the bile salt hydrolase (BSH) involved in the deconjugation of bile
salts in the enterohepatic circulation (Anandharaj, Sivasankari, & Rani,
2014). Moreover, BSH activity has been detected in closely related
L. plantarum (De Smet, Van Hoorde, De Saeyer, Vande Woestyne, &
Verstraete, 1994). This suggests that the cholesterol-lowering effect of
L. pentosus SN0OO1 was strong and that triglyceride and total cholesterol
levels in the blood of the fermented group were lower than those in the
unfermented group.

HDL cholesterol levels in the blood tended to be higher in the fer-
mented and unfermented groups than in the control group. Cholesterol
can be classified into HDL-cholesterol and low-density lipoprotein-
cholesterol, and it is well known that high levels of HDL-cholesterol can
reduce the risk of cardiovascular disease (Messedi et al, 2011).

ALT and AST activities are used to evaluate liver function (Zhang
et al., 2020). In this study, significant differences were not observed
between groups, suggesting that long-term intake of fermented abalone
viscera powder had no effect on liver function.

Overall, long-term administration of L. pentosus SN0O1-fermented
abalone viscera powder showed sustained inhibitory effects on blood
pressure elevation in vivo. Furthermore, there were no significant dif-
ferences in blood glucose, triglyceride, total cholesterol, and HDL
cholesterol levels or in ALT and AST activities between the fermented
and control groups; these factors are important blood components for
the evaluation of rat toxicity, and our data therefore suggested that the
risk of side effects was low.

Uracil was identified as a component unique to fermented products.
In studies on protein degradation, many peptides have been reported as
bioactive substances. In this study, uracil was identified because of
following the peaks specific to fermented products, but since abalone
viscera is a protein rich substrate, it is possible that peptides are also
produced. Uracil is a metabolite that is correlated with the growth of
LAB in the presence of uridine, which has been reported to be hydro-
lysed to uracil by microorganisms (Chung et al., 2020; Hidalgo et al.,
2005). An increase in uracil has also been observed in L. helveticus
HY7801 fermented vegetable juice (Chung et al., 2020). Uracil and
glycerol have been found to exhibit high ACE inhibitory activity in
combination (Liu, Zeng, Leu, & Tsai, 2015). Triacylglycerol is a major
component of abalone viscera (Nelson et al., 2002), and proteolytic and
lipolytic activities have been suggested in the same species, L. pentosus
31-1 (Liu et al., 2010). Thus, the triacylglycerols in the abalone viscera
may be degraded to glycerol by LAB and exhibit ACE inhibitory activity
in combination with uracil.

These results suggest that the in vivo inhibition of blood pressure
elevation observed in the fermentation of abalone viscera by L. casei 001
could be applied to the fermentation of other LAB. In addition,
L. pentosus SNOO1-fermented abalone viscera is likely to be safe for use as
a food product because long-term intake did not affect the blood
composition of animals. These findings can serve as a basis for
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evaluating the safety of abalone viscera fermented with LAB for use as a
food product. In this study, we have not been able to elucidate all the
functional components in the fermented abalone viscera, nor have we
been able to evaluate its preference as a food or its safety for human
consumption. Further studies are needed for functional components,
sensory testing and safety evaluation of the above-mentioned fermented
products for use as a food product.
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