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The abundance of fish and zooplankton (1 × 109 tons to 7 × 1010 tons) in the
mesopelagic zone of the ocean is a source of novel raw materials that provides
opportunities for sustainable new product development. The peculiar conditions of light
and pressure in this ecological zone and the position of the specific organisms in the
marine food chain results in diversity in their bio-composition. Mesopelagic fish are an
underutilized resource, rich in proteins and omega-3 oils, and present opportunities
to develop novel feed, food and functional food ingredients and products. However,
there is also a need to ensure that this resource is not overfished and is processed to
optimize the catch in line with sustainability goals. There is therefore a need to establish
sustainable bioprocessing technologies to yield value added products from mesopelagic
fish species. In the present study, various protein extracts from the mesopelagic
fish Maurolicus muelleri (M) and Meganyctiphanes norvegica (Northern Krill) (K) and
combinations of proteins from these species (C) were generated using hydrolysis
methods. Protein Hydrolysates were generated using four different enzymes including
Alcalase, endocut-01, endogenous M/K enzymes and FoodPro PNL. Hydrolysates were
characterized and assessed for their ability to inhibit enzymes important in diseases
associated with metabolic syndrome. The ability of generated Hydrolysates to inhibit
enzymes including Angiotensin-1-converting enzyme (ACE-1; EC. 3.4.15.1) associated
with blood pressure regulation, Acetylcholinesterase (AChE; EC 3.1.1.7) associated with
maintenance of the nervous system, and Dipeptidyl peptidase IV (DPP-IV; EC 3.4.14.5)
linked with development of type-2-diabetes, was determined. In a separate process,
the same mesopelagic fish species were transformed into fishmeal, Hydrolysates,
fish-silage, and aqueous extracts (AQ) and screened for bioactivities using the same
bioassays. The Hydrolysates contained greater than 60% protein (dry weight basis)
when analyzed using the DUMAS method. A hydrolysate from M. muelleri generated
using FoodPro PNL (M1) inhibited the ACE-1 enzyme by 89.56% when assayed at a
concentration of 1 mg/ml compared to the positive control Captopril©. Aqueous extract
two (AQ2) inhibited ACE-1 by 95.28% when assayed at 1 mg/ml compared to the
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control. Sample M1 inhibited DPP-IV by 100% and aqueous extract one (AQ1) inhibited
the same enzyme by 90.08% when assayed at a concentration of 1 mg/ml compared to
Sitagliptin used as the positive control. All samples assayed did not significantly inhibit
the enzyme AChE–fraction C3 (combined hydrolzate 3: Krill and M. muelleri) inhibited
AChE by 27.48% only. Based on these results samples M1, C3, and AQ1 were selected
for further characterization and the IC50 values for each were determined in relation to
ACE-1 and DPP-IV inhibition as well as their amino acid composition. Glutamate and
aspartate were the most abundant amino acids in the selected samples. IC50 values
of <0.2 mg/ml and distinct terminal amino acids were identified in each of the three
fractions. The study shows that targeting processing of mesopelagic fish have potential
to generate Hydrolysates for use in the prevention of type-2-diabetes and hypertension.

Keywords: mesopelagic fish, Maurolicus muelleri, Northern Krill, ACE-1 inhibition, DPP-IV, type-2-diabetes

INTRODUCTION

The mesopelagic zone refers to the zone of the ocean
between 200 and 1,000 m below the surface–the intermediate
zone of the ocean. Selected species of zooplankton including
Krill are currently harvested and processed from this zone
due to the content of omega-3 fatty acids (FAs) including
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
that they contain. Indeed, Krill-derived omega-3 supplements are
readily available in health stores and are recognized for their
associated health benefits. Contrary to krill, the small size and
bony structure of mesopelagic fish make them unsuitable for
traditional culinary preparations but they may have potential
as functional food ingredients. In addition, the global need for
new, sustainable protein to feed the growing population makes
these under-explored protein sources attractive for researchers
to explore further in line with policy documents including those
outlined by the UN. The main species of mesopelagic fish
include Maurolicus muelleri (common name Silvery light fish),
Northern Krill, Benthosema glaciale (Glacier lantern fish), and
myctophids (lanternfish).

Some studies conducted to date demonstrate that these fish
are a rich source of proteins (Alvheim et al., 2020), lipids (Wang
et al., 2018), minerals and bioactives (Lauritano et al., 2020).
An average protein content of 16.1 g/100 g fish was reported
previously for the mesopelagic species Micromesistius poutassou
(common name Blue whiting) while M. muelleri and B. glaciale
were reported to contain average protein contents of 12.3 g/100 g
of fish and 14 g/100 g fish, respectively (Alvheim et al., 2020).
Total fat values were also reported previously and ranged from
17.8 g/100 g of fish for M. muelleri to 3.9 g/100 g fish for
M. poutassou (Alvheim et al., 2020). However, fish hauls for
mesopelagic species tend to contain mixed species and this
poses challenges for processing. For example, fish hauls for
mesopelagic species in open waters off the coast of Norway were
examined previously and were found to contain mixtures of
amphipods that caused the cadmium levels for the recovered
biomass when processed into fish feed to exceed the maximum
allowable level in feedstuffs (Olsen et al., 2020). Therefore, in
addition to enhancing catch and processing methods, processing

and refining of mesopelagic fish species for bioactive compounds
such as peptides and amino acids may represent an economic
and nutritionally sustainable approach to utilize this resource
if the resource is managed correctly. Estimates suggest that 6–
10 billion metric tons (MT) of mesopelagic fish are available
globally (Irigoien et al., 2014). Several projects in the EU
and globally continue to evaluate the biomass and estimation
methods. Marine proteins have excellent nutritional value and
protein quality due to the presence of essential amino acids
including leucine, which is known for promoting muscle growth
and has potential for use in the development of products to
prevent sarcopenia (Gigliotti, 2007; Breen and Churchward-
Venne, 2012). Enzymatic hydrolysis of fish and fisheries by-
products with enzymes including pepsin, alcalase R©, protamex R©,
and others is a known method to produce highly digestible and
bioavailable proteins, peptides and amino acids (Valcarcel et al.,
2020). The type of enzyme, rate of hydrolysis and initial raw
material composition all have significant impacts on the resulting
composition of the generated hydrolysate in terms of peptide
and amino acid profiles (Gigliotti, 2007; Chalamaiah et al.,
2012). Fish-derived bioactive peptide containing Hydrolysates
are considered beneficial for prevention of ailments including
high blood pressure (Hayes et al., 2016), type-2 diabetes (Slizyte
et al., 2016) and other diseases associated with metabolic
syndrome including high cholesterol (Pérez-Gálvez et al., 2015),
inflammation and aging (Lees and Carson, 2020). Despite the
abundance of mesopelagic fish species, few publications exist
concerning the use of this resource for generation of protein-rich
and bioactive Hydrolysates with potential to prevent common,
human and animal diseases. One study carried out by Lauritano
et al. (2020) identified the lanternfish Myctophum punctatum and
the Mediterranean krill Meganyctiphanes norvegica as sources
of anti-cancer and antimicrobial fractions rich in EPA, DHA,
and eicosatetraenoic acid (ETA). The primary objective of this
paper was to characterize mesopelagic protein Hydrolysates
and extracts developed at Nofima, Norway using enzymatic
hydrolysis, ensiling and aqueous extractions methods applied to
mesopelagic fish species captured during different commercial
trawls. Mesopelagic trawls resulted in the capture of mixed hauls
of mesopelagic fish. The potential of mesopelagic Hydrolysates
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and aqueous fractions developed using this biomass to inhibit
enzymes including Angiotensin converting enzyme (ACE-I;
EC 3.4.15.1), Dipeptidyl peptidase IV (DPP-IV; 3.4.14.5), and
Acetylcholinesterase (AChE; 3.1.1.7) was determined. Inhibition
of these enzymes relates to prevention of high blood pressure,
type-2-diabetes and nervous system issues, respectively.

MATERIALS AND METHODS

Chemical and Materials
Mesopelagic samples prepared by Nofima, supplied to Teagasc as
either freeze-dried powders or liquid samples, and subsequently
stored at −80◦C until further use. The ACE-1 (EC 3.4.15.1)
inhibition of mesopelagic Hydrolysates and samples was
determined using the ACE-1 inhibition colorimetric assay
kit supplied by Dojindo Laboratories (Dojindo Laboratories,
Kumamoto, Japan). Captopril© was supplied by Sigma Aldrich
(Steinheim, Germany). A Fluorometric AChE (EC 3.1.1.7)
assay kit purchased from Abcam Chemicals (Cambridge,
United Kingdom) was used to study inhibition of AChE activity
by mesopelagic samples. Acotiamide dihydrochloride (98%
purity) was purchased from Sigma-Aldrich (Dublin, Ireland)
and was used as positive control/standard AChE inhibitor.
Cambridge Biosciences (Cambridge, England, United Kingdom)
supplied the DPP-IV inhibitor screening assay kit, containing
the DPP-IV inhibitor and positive control Sitagliptin. All other
chemicals supplied were chemical grade and supplied by Sigma-
Aldrich (Dublin, Ireland).

Silage, Fishmeal, Hydrolysates, and
Aqueous Extract Generation From
Mesopelagic Hauls
Silage Preparation
In the preparation of the silage biomass, 2.5 g of Grindox 1032
(tocopherol blend) and 25 g of 99% formic acid were added to
1,000 g of ground raw material. The mixture was stirred at 22◦C
for 47 h and then heated to 90◦C in a microwave oven and kept
at 90◦C for 10 min. After centrifugation at 20,000× g for 30 min,
the liquid phase was decanted into a separatory funnel, and the
oil and water phases were separated.

Fishmeal Process
To 1,000 g of ground raw material were added 2.5 g of Grindox
1032 and 500 g of water. The mixture was heated with stirring
to 85◦C over 56 min, kept at 85◦C for 10 min, then pressed in a
tincture press. The liquid phase was then centrifuged and poured
into a separatory funnel where the oil phase and the water phase
were separated. The sediment after centrifugation was mixed with
the press cake and homogenized.

Hydrolysis
To 1,000 g of ground raw material were added 2.5 g of
Grindox 1032 and 500 g of water. The mixture was heated
with stirring to 55◦C over 20 min. 1.1 g of Promod 439L
enzyme solution was added and the mixture was stirred at
55◦C for 60 min. It was then heated to 90◦C over 20 min and

kept at that temperature for 10 min. The mixture was then
centrifuged at 20,000 × g, 40◦C for 20 min. The liquid phase
was decanted into a separatory funnel, and the oil and water
phases were separated.

Mesopelagic protein Hydrolysates generated using proteolytic
enzymes and aqueous extracts (AQ) were generated using
processes developed at Nofima in Tromsø, Bergen and
Fyllingsdalen, Norway. Briefly, enzymatic hydrolysis was
performed using the three commercial enzymes Alkalse
2.4L (Al2.4), Endocut 01-L (01-L), Foodpro PNL (PNL) at
optimum temperatures ranging from 50 to 55◦C. Additionally,
endogenous enzymes (i.e., No additional enzymes at reaction
start, abbreviation Endo) were used at 30◦C. All enzyme-
reactions had identical setups: 1:1 w:v mix with water (∼500 g of
each), 1 h hydrolysis time and 15 min deactivation at 90◦C. After
deactivation, the Hydrolysates were separated by centrifugation
(30 min, 7,000 g) into an oil-phase, hydrolysate, and sediment
fraction. Weight measurements were performed on all the
separate fractions. In a separate method, biomass was processed
for fishmeal, Hydrolysates and silage. Aqueous extracts were
separated from the solid and lipid fraction of each preparation,
freeze-dried and supplied to Teagasc, Ireland for bioactivity
assessments in vitro.

The mesopelagic Hydrolysates were abbreviated as Krill (K),
M. muelleri (M) and a combination of Krill and M. muelleri
(C) and 1–4 based on the enzyme used for hydrolysis i.e.,
Alcalase, endocut-01, endogenous M/K enzymes, and FoodPro
PNL. Further AQ 1–8 were generated. The first three aqueous
samples (AQ1–AQ3) were aqueous phase from fishmeal process
derived from H4, H6, and H7 trawls, AQ4–AQ6 was aqueous
phase from enzymatic process derived from H4, H6, and H7
trawls and AQ7–AQ9 was aqueous phase from Silage process
obtained from H4, H6, and H7 trawls.

TABLE 1 | Protein content of mesopelagic Hydrolysates and aqueous extracts
(n = 3).

Sample g protein/100 g
hydrolysate
(method 955.04;
Association of
Official Analytical
(AOAC), 2000)

Sample g protein/100 g
aqueous extract
(BCA method)

K1 75.03 ± 0.05 AQ1 61.59 ± 1.17

K2 74.50 ± 0.28 AQ2 63.62 ± 7.76

K3 72.34 ± 0.05 AQ3 69.08 ± 0.96

K4 74.30 ± 0.15 AQ4 73.16 ± 0.81

M1 77.76 ± 0.19 AQ5 73.46 ± 1.05

M2 75.81 ± 0.02 AQ6 71.97 ± 0.55

M3 74.28 ± 0.09 AQ7 75.01 ± 0.27

M4 76.77 ± 0.02 AQ8 75.41 ± 0.70

C1 76.13 ± 0.01 AQ9 74.51 ± 0.29

C2 73.95 ± 0.004

C3 72.74 ± 0.24

C4 74.95 ± 0.16

K, krill; C, combined (krill and M. muelleri); AQ, aqueous extract.
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FIGURE 1 | Proximate composition of mesopelagic Hydrolysates derived from Krill (K), M. muelleri (M), and a combination of Krill and M. muelleri (C) by method
955.04 (Association of Official Analytical (AOAC), 2000; n = 3). One way ANOVA using Tukey’s multiple comparison test at α = 0.05 showed no significant differences
between protein, ash, and lipid content of the 12 mesopelagic Hydrolysates.

FIGURE 2 | Angiotensin converting enzyme (ACE-1) inhibition by mesopelagic hydrolysates (A) and aqueous extracts (B) derived from Krill (K), M. muelleri (M) and a
combination of both (C). AQ, aqueous extracts; (n = 3). One way ANOVA was done using Tukey’s multiple comparison test at α = 0.05.

Proximate Composition of Hydrolysates
and Aqueous Extracts
The total protein content of the mesopelagic Hydrolysates
and AQ was estimated using two different methods. Initially

protein was determined using a LECO FP628 Protein
analyzer (LECO Corp., St. Joseph, MI, United States) based
on the Dumas method and according to the Association
of Official Analytical Chemists (AOAC) method 955.04
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FIGURE 3 | (A,B) Dipeptidyl peptidase enzyme (DPP-IV) inhibition by mesopelagic Hydrolysates generated from Krill (K), M. muelleri (M), and a combination of both
(C). Aqueous extracts (AQ). (A) One way ANOVA was done using Tukey’s multiple comparison test at α = 0.05.

(Association of Official Analytical (AOAC), 2000). A nitrogen
conversion factor of 6.25 was used to calculate protein content
in the samples. The Bicinchoninic Acid (BCA) method was
also used in accordance with the manufacturers’ instructions
(Sigma-Aldrich, Dublin, Ireland) and according to the method of
Walker (1996). The lipid content of samples was quantified using
AOAC Method 2008.06 with an Oracle rapid NMR fat analyzer.
Samples were prepared according to standard procedures used
for these analyses as described previously (Association of Official
Analytical (AOAC), 1998).

ACE-1 Inhibition Assay–Determination of
Potential Heart Health Effects
The ACE-1 inhibition bioassay of mesopelagic protein
Hydrolysates and AQ was carried out as described previously
(Naik and Hayes, 2019) using the ACE-1 inhibition assay kit
from WST, Dojindo Laboratories, Kumamoto, Japan.1 In brief,
20 µL of each test sample aqueous solution at a concentration of
1 mg/ml was added to 20 µL of substrate and 20 µL of enzyme
working solution in triplicate. Captopril was used as a positive
control at a concentration of 0.05 µM as recommended by
the manufacturer’s. Samples were incubated at 37◦C for 1 h.
A 200 µL volume of indicator working solution was then added
to each well, and subsequent incubation at room temperature
was carried out for 10 min. Absorbance at 450 nm was read
using a FLUOstar Omega microplate reader (BMG LABTECH
GmbH, Offenburg, Germany). The percentage of inhibition was
calculated using the following equation:

ACE− I Inhibition(%) = ((A0 − AI)/A0)
∗ 100%

where, A0 is the substrate absorbance at 450 nm in the presence
of ACE-I and absence of inhibitor, and AI is the substrate

1https://www.dojindo.eu.com/TechnicalManual/Manual_A502.pdf

absorbance at 450 nm in the presence of ACE-I and the inhibitor
or the positive control Captopril©. Activity was expressed as
mean IC50 value (inhibitory concentration that inhibits ACE-1
by 50%)± SD from three independent replicates (n = 3).

AChE Inhibition by Mesopelagic
Samples–Determination of
Anticholinesterase Activity
The AChE Fluorometric assay kit from Abcam, Cambridge,
United Kingdom,2 was used to study inhibition of AChE activity
by mesopelagic samples to assess their potential to impact
positively on mental health. The assays was carried out in
accordance with the manufacturers’ instructions. Acotiamide
dihydrochloride was used as the standard, positive control
AChE inhibitor. Fluorescence was recorded at an excitation
and emissions wavelength of 490/520 nm. Inhibition percentage
for all the samples were calculated from these fluorescence
values as described previously (Naik et al., 2020). Activity was
expressed as mean IC50 value (inhibitory concentration that
inhibits AChE by 50%) ± SD from three independent replicates
(n = 3).

DPP-IV Inhibition by Mesopelagic
Samples–Determination of Potential
Anti-Diabetic Activity
This assay was carried out using a DPP-IV inhibitor screening
assay kit in accordance with the manufacturer’s instructions.3

Fluorescence intensity was recorded with a FLUOstar Omega
microplate reader (BMG Labtech, Ortenburg, Germany) using
an excitation wavelength of 355 nm and an emission wavelength
of 460 nm. Sitagliptin was used as a positive control and it has

2https://www.abcam.com/acetylcholinesterase-assay-kit-fluorometric-green-
ab138872.html
3https://www.abcam.com/dipeptidyl-peptidase-iv-dpp4-inhibitor-screening-
assay-kit-ab133081.html
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TABLE 2 | Amino acid composition (mM) of mesopelagic Hydrolysates M1 and C3
and aqueous extract AQ1 compared to egg white hydrolysate.

Amino acids Concentration (g/100 g)

AQ1 M1 C3 Egg white
hydrolysate

(Matsuoka et al.,
2019).

Essential
amino acids

Methionine 1.36 1.18 1.90 3.29

Threonine 2.10 2.05 2.58 3.85

Lysine 4.42 4.88 5.38 5.87

Valine 2.50 2.67 3.09 5.83

Leucine 3.59 4.39 4.71 7.25

Isoleucine 1.99 2.37 2.72 4.43

Tryptophan 0 0 0 1.27

Phenylalanine 1.82 2.17 2.60 5.05

Histidine 1.19 1.01 1.45 1.97

Arginine 3.19 3.55 3.86 4.91

Non-essential
amino acids

Glutamine 0 0.17 0 0

Glutamate 6.62 8.13 8.65 11.4

Proline 2.01 3.57 2.41 3.18

Hydroxyproline 0.27 0.14 0.25 0

Serine 1.99 1.93 2.36 5.74

Glycine 2.76 3.41 3.07 3.04

Cysteine 0 0 0 2.44

Cysteine-cysteine 0.16 0 0.27 0

Aspartate 5.21 6.22 6.58 8.80

asparagine 0.15 0.37 0.31 0

alanine 3.22 3.58 3.86 5.09

tyrosine 1.53 0.95 1.94 3.44

Taurine 1.04 1.68 1.25 0

Ethanolamine 0.12 0.10 0.08 0

Ornithine 0 0.18 0 0

Ratio of EAA:NEA 0.93 0.85 0.95 1.01

M, M. muelleri; C, combined (Krill and M. muelleri).

a known IC50 value of 19 mM (Thomas et al., 2008). DPP-
IV inhibition was defined as the percentage of DPP-IV activity
inhibited by a given concentration of peptide compared to the
control. Activity was expressed as mean IC50 value (inhibitory
concentration that inhibits DPP-IV by 50%) ± SD from three
independent replicates (n = 3). 10 µL of each sample inhibitor
(at a concentration of 1 mg/ml assay buffer) was added to 30 µL
diluted assay buffer followed by 10 µL diluted DPP-IV, and 50 µL
substrate solution (n = 3). Samples were incubated at 37◦C for
30 min. Fluorescence was read with excitation wavelengths of
355 nm and emission wavelengths of 460 nm using a FLUOstar
Omega microplate reader (BMG LABTECH GmbH, Offenburg,
Germany). The percentage inhibition was calculated using the
following equation:

% DPP− IV inhibition = 100% Initial activity− Inhibitor

× 100/100% Initial activity

Amino Acid Composition of the Bioactive
Peptides
Determination of the total amino acid composition of the
Hydrolysates was done by further hydrolyzing Hydrolysates
using 6 M HCL at 100◦C for 24 h (Fountoulakis and Lahm,
1998). The samples were then de-proteinized by mixing equal
volumes of 24% (w/v) tri-chloroacetic acid and sample. These
were allowed to stand for 10 min at room temperature before
centrifugation at 14,400 × g for 10 min. The supernatants were
removed and diluted with 0.2 M sodium citrate buffer, pH 2.2 to
give approximately 250 nmol of each amino acid residue. Samples
were then diluted 1:2 with the internal standard nor-leucine
to give a final concentration of 125 nm/ml. Amino acids were
quantified using a UHPLC-DAD, Agilent 1290. Two different
System Suitability Tests (SSTs) were measured along with the
samples to verify the calibration. Every sample was measured in
duplicate (n = 2).

Statistical Analysis
All assays were performed in triplicate (n = 3). Excel was used for
determination of the standard deviation values. Graphpad prism
was used to perform one way ANOVA using Tukey’s multiple
comparison test at α = 0.05.

RESULTS AND DISCUSSION

Proximate Composition
All mesopelagic Hydrolysates had protein contents greater than
70% based on dry weight (Table 1). The protein content of the
Hydrolysates varied between 72.34 ± 0.05 (K3) and 77.76 ± 0.19
(M1) g/100 g hydrolysate on dry weight basis. The ash content
of the Hydrolysates varied between 13.66 ± 1.9 (M1) and
19.44 ± 0.66 (M3) while the lipid content was low at <0.8% for
all the samples analyzed (Figure 1). The AQ were analyzed for
protein and these varied between 61.59 ± 1.17 g protein/100 g of
sample for K1 to 75.41± 0.70 g/100 g for aqueous extract M4 on
a dry weight basis. Thus, the M. muelleri Hydrolysates and AQ
had a greater percentage protein content than the krill samples.
Fish protein Hydrolysates (FPH) are amorphous powders that are
hygroscopic and usually contain 81–93% protein, <5% fat and
3–8% ash, and 1–8% moisture (Venugopal, 2016). The protein
values obtained in this work are less than what is required for
an ideal FPH and ash content is greater than 8%, which would
limit applications in food. However, as protein content for all
Hydrolysates of the studied mesopelagic species was greater than
70% they could be a valuable source for marine protein with high
nutritional value.

Enzyme Inhibition Bioassays
ACE-1 Inhibition
The mesopelagic Hydrolysates and the AQ all inhibited ACE-1
when tested at a concentration of 1 mg/ml. Inhibition of ACE-
1 varied from 76.75 ± 4.7% to 95.28 ± 0.88% (Figures 2A,B).
Sample M4 (the hydrolysate generated from M. muelleri using
FoodPro PNL) inhibited ACE-1 by 89.56%. Second to this
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FIGURE 4 | (A,B) Acetylcholine-esterase enzyme (AChE) inhibition by mesopelagic Hydrolysates generated from Krill (K), M. muelleri (M), and a combination of both
and aqueous extracts (AQ) (n = 3). One way ANOVA was done using Tukey’s multiple comparison test at α = 0.05, where all the aqueous extracts (AQ) gave
significantly less inhibition when compared to the positive control inhibitor acotiamide dihydrochloride. Amongst the Hydrolysates inhibition differences have been
included on the graph.

FIGURE 5 | IC50 valus of mesopelagic hydrolysates MI and C3 and aqueous extract AQ1 for Angiotensin-1-converting enzyme (ACE-1) (n = 3). C, combined (Krill
and M. muelleri).

in terms of ACE-I inhibition was the hydrolysate generated
from Krill using Alcalase (K1) and the combined sample
generated from Krill and M. muelleri (C3; using endogenous
enzymes). The aqueous extract AQ2 inhibited ACE-1 by 95.28%
when assayed at a concentration of 1 mg/ml compared to the
positive control Captopril. ACE-1 regulates peripheral blood
pressure mainly through the renin–angiotensin and Kinin-nitric
oxide systems. It also inactivates the vasodilator, bradykinin (Li
et al., 2017). Inhibition of ACE-1 is a target for prevention of
hypertension; these results demonstrate that mesopelagic extracts
and Hydrolysates have potential for further development as

anti-hypertensive agents in functional foods or supplements.
However, further characterization of the active peptides and
in vivo trials would be required for commercialization. The IC50
values obtained for all fractions tested for ACE-1 inhibition
were all less than 0.2 mg/ml. This value compares favorably
with other studies that have investigated ACE-1 inhibitors
from fish hydrolysate sources (Salampessy et al., 2017). The
low IC50 values may be due to synergetic/cumulative effect of
various active peptides present in each hydrolysate or aqueous
extract, and highlights the need for further identification and
characterization of peptides.
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DPP-IV Inhibition
Samples M1 and AQ1 were found to inhibit DPP-IV by 100
and 90.08%, respectively, when assayed at a concentration of
1 mg/ml, and compared to the commercial, positive control
and drug Sitagliptin (Figures 3A,B). DPP-IV breaks down the
incretins–glucagon-like peptide-1 and the glucose-dependent
insulinotropic polypeptide. These hormones can increase insulin
secretion during the post-prandial phase and inhibition of DPP-
IV can prevent the degradation of incretins and improve serum
glucose regulation (Sarteshnizi et al., 2021). As discussed recently
by Sarteshnizi et al. (2021) and previously by Lacroix and Li-Chan
(2012) Hydrolysates with ability to inhibit DPP-IV often contain
hydrophobic amino acids and/or proline or alanine amino acids
as part of their peptide sequences. As shown in Table 2, all
samples tested for inhibition of DPP-IV contained 2–3.71 g
proline/100 g sample and 3.22–3.86 g alanine/100 g sample. The
DPP-IV values observed in this study compare favorably with
previously published work where dairy proteins were assessed for
ability to inhibit DPP-IV (Lacroix and Li-Chan, 2012).

Acetylcholinesterase Inhibition
AChE-targeted therapy may assist in prevention of memory
degeneration (Zhao et al., 2017). Samples C4 and AQ4 were
found to inhibit AChE by 27.48 and 25.43% when assayed at a
concentration of 1 mg/ml, respectively, compared to the positive
control Acotiamide dihydrochloride (Figures 4A,B). Zhao et al.
(2017) previously observed the anti-acetylcholinesterase activities
of anchovy (Coilia mystus) protein Hydrolysates. An AChE
IC50 value of 159.76 ± 0.03 mg ml−1 was observed in this
study and was attributed to the content of lysine in the
hydrolysate. Values observed in this study did not warrant further
investigation into the AChE IC50 value of the Hydrolysates and
AQ and percentage inhibition values were all less than 50%
when samples were assayed at a concentration of 1 mg/ml
(Figure 5). Based on the obtained bioactivity results, samples
M1, C3, and AQ1 were characterized further for their amino
acid composition.

Amino Acid Composition
Mesopelagic Hydrolysates and aqueous extracts M1, C3, and AQ1
were characterized in terms of their total amino acid composition
(TAA, Table 2). All known essential amino acids with the
exception of tryptophan was detected. The TAA g/100 g values
were lower than the values observed for an egg white hydrolysate
(Matsuoka et al., 2019) and the overall protein content of the
Hydrolysates were also less than that observed for egg white
hydrolysate. Previous studies where Hydrolysates were generated
from herring by-products found that the essential amino acids
Asp and Glu (cationic amino acids) were present in the greatest
quantities and Arg (anionic amino acids), previously (Durand
et al., 2020). Anti-inflammatory activities were observed in cell
studies with these Hydrolysates. The ratio of essential to non-
essential amino acid was highest for the C3 hydrolysate (0.95),
followed by AQ1 extract (0.93), and lowest for M1 hydrolysate at
0.85 as seen in Table 2. At 0.95 the ratio was close to the ideal
ratio of 1 found in egg and milk protein and was better than
plant sources like soy, pea, hemp protein and even some marine

proteins (Matsuoka et al., 2019). Lysine was the most abundant
essential amino acid in all three samples, and was highest in
hydrolysate C3 at 5.38 g/100 g hydrolysate. Thus, sample C3
showed a favorable amino acid profile in comparison to the other
two samples. Glutamate, often associated with umami taste of
food products, were found to be the most abundant amino acid in
the samples analyzed followed by aspartate, which was found in
all the Hydrolysates. Specific amino acids such as L-histidine are
known to be bitter-tasting, L-glutamate, a non-essential amino
acid is a source of umami taste and L-threonine (essential amino
acid) contributes to the sweet profile of foods in which it is
found (Bachmanov et al., 2016). The sensory acceptability of
the final product would thus depend on the prevalence of these
individual amino acids.

CONCLUSION

Mesopelagic fish are an underutilized marine resource that show
potential for sustainable exploitation as biomass for functional
food ingredient development. The mesopelagic Hydrolysates and
AQ generated in this work displayed an ability to inhibit ACE-
1, DPP-V, and AChE and hold potential for further, functional
food/supplement development. In addition, the results show
that, without modification, the mesopelagic fish Hydrolysates
and AQ have nutritive value due to their protein contents
(all >70%) and total amino acid compositions, which are
comparable to egg white protein. Further characterization work
is required if the three Hydrolysates and aquatic extracts
are to be developed as alternatives to anti-hypertensive drugs
such as Captopril© and anti-diabetic drugs such as Sitagliptin
including mass spectrometry characterization of the peptides and
in vivo trials in animals and humans. However, this work is
valuable as it is the first report detailing the development of
mesopelagic fish as Hydrolysates with bioactivities to potentially
improve human health.
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