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Abstract
The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) enters the cells after binding to the membrane-bound receptor angiotensin-
converting enzyme 2 (ACE2), but this may be prevented through interception by soluble ACE2 (sACE2) or by inhibition of the ACE2 receptor,
thus obstructing cell entry and replication. The main objective of this study was to investigate if fish intake affected the concentration of sACE2
in rats. The secondary aim was to evaluate the in vitro ACE2-inhibiting activity of fish proteins. Rats were fed cod muscle as 25 % of dietary
protein, and blood was collected after 4 weeks of intervention. Muscle, backbone, skin, head, stomach, stomach content, intestine and swim
bladder from haddock, saithe, cod and redfish were hydrolysed with trypsin before ACE2-inhibiting activity was measured in vitro. In vivo data
were compared using unpaired Student’s t test, and in vitro data were compared using one-way ANOVA followed by the Tukey HSD post hoc
test. Themean sACE2 concentrationwas 47 % higher in rats fed codwhen comparedwith control rats (P 0·034), whereas serum concentrations of
angiotensin II and TNF-αwere similar between the two experimental groups. Muscle, backbone, skin and head from all four fish species inhib-
ited ACE2 activity in vitro, whereas the remaining fractions had no effect. To conclude, our novel data demonstrate that fish intake increased the
sACE2 concentration in rats and that the hydrolysed fish proteins inhibited ACE2 activity in vitro.
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The spike protein of the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) binds to angiotensin-converting
enzyme 2 (ACE2) on the cell surface(1) and is activated by
transmembrane protease serine 2 (TMPRSS2)(2). The entry
of SARS-CoV-2 into cells may be blocked by inhibition of
TMPRSS2(1), but as yet, the effect of inhibiting ACE2 for the
prevention of SARS-CoV-2 infection is not known. The major
route of entry for SARS-CoV-2 is through the respiratory tract,
and coexpression of ACE2 and TMPRSS2 has been found in
cells in the nasal and buccal mucosa and in the epithelia of
bronchus and larynx(3). The risk for a severe course including

death from coronavirus disease 2019 (COVID-19) after infec-
tion with SARS-CoV-2 is increased in persons with obesity(4,5)

and is in line with the observation of elevated expressions of
ACE2 and TMPRSS2 in the trachea of obese mice(6).

In addition to its function as a receptor, ACE2 is also involved
in several processes, such as regulation of blood pressure, fibro-
sis, inflammation and thrombosis(7). ACE2 is a relatively newly
identified human metalloprotease that shares a homology in
amino acid sequence of about 40 % with angiotensin-converting
enzyme (ACE)(8,9). Both ACE2 and ACE are important players in
the renin–angiotensin system, which is a central regulator of
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blood pressure as well as the fluid and electrolyte balance. ACE2
catalyses the removal of the carboxyterminal amino acid
from angiotensin II to produce the vasodilator angiotensin-(1–
7), and, with less affinity, removes the carboxyterminal leucyl
residue from angiotensin I to produce angiotensin (1–9)(7).
ACE, on the other hand, removes the C-terminal dipeptide (his-
tidyl-leucine) from angiotensin I to produce the vasoconstrictor
angiotensin II and also removes the terminal dipeptide (phenyl-
alanyl-histidine) from angiotensin (1–9) to produce angiotensin
(1–7) and hydrolyses the vasodilator bradykinin(7). Thus, ACE2
partly counteracts the effects of ACE by contributing to both
the production of the vasodilator angiotensin 1–7 and decreases
the availability of angiotensin I as a precursor for the vasocon-
strictor angiotensin II through ACE activity, and consequently,
upregulation of ACE2 activity may counteract some of the unfav-
ourable effects of ACE. ACE2 is believed to have a cardioprotec-
tive effect by converting angiotensin II to angiotensin (1–7)(10–12)

and through the direct effect of angiotensin-(1–7) binding to the
Mas receptor and in such a manner exerts vasodilatory effects
contrary to angiotensin II(13).

ACE2 exists as a membrane-bound form and a soluble form
(sACE) and both forms possess catalytic activity and bind to
SARS-CoV and SARS-CoV-2(14,15). The binding of these viruses
to sACE2 in circulation will prevent binding to ACE2 in the mem-
brane and inhibit infection(14–16). Since sACE2 lacks the mem-
brane anchor, it cannot promote viral entry into the cell and
replication. Thus, sACE2 acts as a competitive interceptor of
SARS-CoV and SARS-CoV-2, and increasing the amount of
sACE2 has been suggested as a promising potential therapy(17).

The ACE2-receptor is required for cell entry for three corona-
viruses; SARS-CoV-2(1), SARS-CoV(18) and HCov-NL63(19).
Development of drugs or identification of natural substances
that bind to ACE2 and disrupt the interaction with the spike
protein on coronaviruses could potentially be of great value
to prevent the development of severe disease following coro-
navirus infection, and studies so far indicate that chronic
inhibition of ACE2 is safe(20). Promising results were reported
for the synthetic ACE2 inhibitor N-(2-aminoethyl)-1 aziridine-
ethanamine, which prevented SARS-CoV spike protein-medi-
ated cell fusion(21), but this compound has not been tested
clinically. Several in vitro studies have shown that ACE activity
can be inhibited by peptides from fish and other marine
organisms(22,23), and based on the similarities in the amino
acid sequence between ACE and ACE2, we presumed that also
the ACE2 activity may be inhibited by basic amino acids or
small peptides(24,25). Dietary proteins are hydrolysed to
smaller peptides before absorption in the gastrointestinal
tract, and a large number of bioactive peptides have been
identified in common foods. Several ACE-inhibitory peptides
have been found in fish and seafood(26); however, peptides
with ACE2-inhibiting activities have not yet been identified
in foods of marine origin.

A recent study using data from 2884 front-line healthcare
workers from six Western countries presents evidence that diet
may be an important factor for the course of COVID-19, since
following plant-based or pescatarian diets was associated with
lower odds of moderate-to-severe COVID-19(27). A protective
effect of fish may be due to the long-chain n-3 polyunsaturated

fatty acids found in marine animals, since supplementation with
marine fatty acids reduced the need for mechanical ventilation
and reduced hospitalisation time at intensive care units for
patients with acute respiratory distress syndrome(28). Other
nutrients in fish such as vitamin D have been suggested to pre-
vent severe COVID-19, although no prophylactic or therapeu-
tic role of vitamin D in COVID-19 has been confirmed(29), and
a recent Norwegian study found no protective effect of sup-
plementation with cod liver oil (containing n-3 PUFA EPA
and DHA, and vitamins D3, A and E) in the winter on SARS-
CoV-2 infection or serious COVID-19(30). People following
plant-based or pescatarian diets may be in general more con-
scious of their health and have a healthier lifestyle and a
stronger immune system, with a lower prevalence of nutrient
deficiencies for long-chain n-3 PUFA, Zn, Se and vitamins C, D
and E which is beneficial for the immune system(31). As of yet,
the possible protective effect of foods of marine origin on the
development of severe COVID-19 has not been investigated.

Several approaches have been suggested to address possible
therapeutic prevention of COVID-19, including spike-based
vaccines, inhibition of ACE2 or TMPRSS2, and increasing
the sACE2 concentration(32). In the present study, we aimed
to test the effect of consuming Atlantic cod muscle on the
sACE2 concentration in serum from rats. Cod was chosen
since this is a commonly consumed fish. We also explored
the in vitro ACE2 inhibitory potential of various fractions from
four marine fish species; haddock, saithe, Atlantic cod and
golden redfish. Our hypothesis was that fish intake would
increase the sACE2 concentration in rats, and that fish protein
powders were able to inhibit ACE2 activity in vitro.

Methods

Ethical statement

The National Animal Research Authority (Norway) approved the
protocol for the rat study in accordance with the Animal Welfare
Act and the Regulation of animal experiments (approval no
2014/6979). All applicable international, national and institu-
tional guidelines for the care and use of animals were followed.
The fish used in this study were captured through regular fish-
eries and were frozen onboard.

Rat study

Twelve male Zucker fa/fa rats (HsdHlr:ZUCKER-Leprfa,
from Harlan Laboratories) were randomly assigned to two
experimental groups, i.e., the Cod group or the Control group,
of six rats, each with comparable mean body weight. The rats
were housed in pairs in Makrolon IV cages in a room main-
tained at a 12-h light–dark cycle (light from 7 a.m. to 19.00)
with a constant temperature of 20–23°C and relative humidity
of 65 ± 15 %. The rats were acclimatised under these condi-
tions before the start of the experiment, and the intervention
started when the rats were 8–9 weeks old. Rats had free access
to feed, drinking water, wood chewing sticks and plastic
housing.
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The rats were fed modified experimental diets in accordance
with the American Institute of Nutrition’s recommendation for
growing laboratory rodents (AIN-93G)(33), added 1·6 g methio-
nine/kg diet and 1 wt% growth and maintenance supplement
containing vitamin B12 and vitamin K1 as recommended by
Reeves(34). The diets differed only in their protein sources; the
Cod diet contained 5 wt% proteins from cod muscle (Atlantic
cod (Gadus morhua) provided by Lerøy Seafood Group) and
15 wt% proteins from casein. Skin-free cod fillets were baked
(180°C for 20 min), minced, and thereafter lyophilised and
ground. The Control diet contained 20wt% proteins from casein.
Diets were frozen immediately after preparation. Casein was
purchased from Sigma-Aldrich, and the other feed ingredients
were purchased fromDyets Inc. Feedwas given as a powder for-
mula and was contained in ceramic bowls. Newly thawed feed
was provided every day except Sundays (rat were given double
doses on Saturdays).

The rats were killed after 4 weeks of intervention while under
anaesthesia with isoflurane (Isoba vet, Intervet, Schering-
Plough Animal Health) mixed with oxygen and nitrous oxide,
after an overnight fast with free access to drinking water.
Blood was drawn from the heart and was collected in
Vacuette Z Serum Clot Activator Tubes (Greiner Bio-one)
for isolation of serum. Serum aliquots were snap-frozen in
liquid nitrogen and stored at –80°C until analysis. Assessors
responsible for general daily animal care, euthanasia and
analyses of samples were blinded to diet groups, and rats were
handled in random order.

Serum concentrations of sACE2, angiotensin II, TNF-α and
IL-6 were quantified using the following assays: Rat ACE2/
ACE-2 ELISA Kit (Sandwich ELISA, LS-F33787 from LifeSpan
BioSciences, Inc.), Rat Angiotensin II ELISA Kit (Competitive
EIA, LS-F3953 from LifeSpan BioSciences), Rat TNF-alpha ELISA
Kit (ELR-TNFa from RayBiotech Inc) and Interleukin-6 (rat)
ELISA kit (EIA-4845 from DRG Instruments GmbH). All samples
were analysed simultaneously in the same plate from each of the
assays. The mean within-plate coefficient of variation (CV) were
4·6 % for ACE2, 2·2 % for angiotensin II, 4·5 % for TNF-α, and
4·3 % for IL-6. The plates were read at 450 nm on a
SpectraMax Plus384 Microplate Reader (Molecular Devices).

Analysis of ACE2 inhibiting activity in vitro

Haddock (Melanogrammus aeglefinus), saithe (Pollachius
virens), Atlantic cod (Gadus morhua) and golden redfish
(Sebastes norvegicus) were captured in the Barents Sea in
October 2020 and were frozen at −30°C on-board the industry
trawler Granit (Halstensen Granit). The fish were landed and
then partially thawed overnight at ambient temperature.
Next, the fish were headed, gutted and filleted, and the indi-
vidual fractions (muscle, backbone, skin, head, stomach
(rinsed with cold tap water), stomach content, intestine
(rinsed with cold tap water) and swim bladder) were lyophi-
lised. Muscles, backbones and heads were minced before
drying. The dried samples were milled and kept at−20°C until
analyses.

The dried fish powders were added Trizma buffer (50 mM,
pH 8·0, all ingredients from Sigma) and were hydrolysed using

trypsin from bovine pancreas (T1426 from Sigma) at 45°C for 4
h(35). The hydrolysates were heated to 90°C for 20 min to inacti-
vate trypsin and any endogenous ACE2. Next, samples were
cooled in ice water for 30 min and frozen at –20°C until analyses.
Protein content in the hydrolysates was quantified on the Cobas
c111 system (Roche Diagnostics GmbH) using the TP2 kit
from Roche.

ACE2 inhibition was measured using the ACE2 Inhibitor
Screening Assay Kit (Item No. 502 100 from Cayman Chemical)
as described in the user manual. In brief, 75 μl assay buffer, 10 μl
human recombinant ACE2 enzyme, 5 μl protein hydrolysate or
ACE2 inhibitor MLN-4760 (as positive control) and 10 μl of sub-
strate (7-methoxycoumarin-4-yl)acetyl-Ala-Pro-Lys(2,4-dinitro-
phenyl) were added to half-volume 96-well solid black plates.
ACE2 cleaves the substrate and produces free (7-methoxycou-
marin-4-yl)acetyl which is fluorescent. Samples were run in
duplicates. Plates were incubated for 30 min at room tempera-
ture and read with an excitation wavelength of 320 nm and an
emission wavelength of 405 nm on a SpectraMax Gemini EM
Fluorescence Microplate Reader (Molecular Devices). Inter-
assay CV was 0·5 %, and the mean within-plate CV was 0·4 %.

Outcome measurements

The primary outcome of this project was to investigate the in vivo
effect of fish intake on sACE2 in rats. The secondary outcome
was to examine the in vitro ACE2-inhibiting activity of fish pro-
tein powders.

Statistical analyses

Since this is the first study to investigate the effects of cod fillet
intake on sACE2 concentration in rats, data on effect size were
not available for sample size calculation or minimally detectable
effect sizes for the present study.

Statistical analyses were conducted using SPSS Statistics
version 25 (SPSS, Inc., IBM Company). The serum concentra-
tions of sACE2, angiotensin II and TNF-α were log-transformed
and the experimental groups were compared using unpaired
Student’s t test. ANOVA was used to compare the fish fractions,
followed by the TukeyHSDpost hoc test to determine significant
differences between fractions when appropriate. The cut-off
value for statistical significance was set at a probability of 0·05.

Results

sACE2, angiotensin II, TNF-α and IL-6 in rat serum

The body weight was similar between the Control group and the
Cod group at baseline (357 ± 14 g and 354 ± 10 g, respectively, P
0·64) and after 4 weeks of intervention (570 ± 21 g and 578 ± 14
g, respectively, P 0·49). The geometric mean for the serum con-
centration of sACE2 was significantly higher in rats fed cod
muscle when compared with the Control group (47 % higher,
P 0·034, Fig. 1), with no differences between the groups for
angiotensin II (P 0·55, data not presented). The serum concen-
tration of TNF-α was similar between the Control group and the
Cod group (P 0·46, data not presented), whereas the serum IL-6
concentration was below the lowest concentration in the
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standard curve (31·3 pg/ml) for all rats and were not analysed
statistically.

ACE2 inhibition

Trypsin-hydrolysed muscle, backbone, head and skin fractions
from haddock, saithe, Atlantic cod and golden redfish inhibited
ACE2 activity, whereas no inhibition of ACE2 was seen for stom-
ach, stomach content, intestine and swim bladder hydrolysates
from any of the tested fish species (Fig. 2).We compared the four
fish species for individual fractions and found no difference
between haddock and saithe for muscle, backbone, skin and
head. For muscle, golden redfish was a more potent ACE2-
inhibitor compared with Atlantic cod, but was not different from
haddock and saithe. The backbone fraction from Atlantic cod
and golden redfish were more potent ACE2 inhibitors compared
with that of saithe, but were not significantly different from had-
dock backbone. Atlantic cod skin was the least efficient ACE2
inhibitor compared with skin fractions from the other fish spe-
cies. For the head fraction, saithe was more efficient in inhibiting
ACE2 when compared with Atlantic cod, but none of these were
different from haddock and golden redfish.

The ACE2-inhibiting activity of the muscle, backbone, head
and skin fractions from the four tested fish species were com-
pared using ANOVA (P 7·4 × 10–9) with TukeyHSDpost hoc test.
The homogeneous subset output showed that hydrolysates of
muscles and backbones from all four fish species in addition
to saithe headwere more potent ACE2-inhibitors compared with
the rest of the samples. The Atlantic cod skin fraction had the
lowest capacity for ACE2 inhibition when compared with all
other fractions (the p-values for these comparisons are not
displayed in Fig. 2).

Discussion

This study is the first to present evidence for the potential of
fish muscle to increase the serum concentration of sACE2

when consumed by rats, thereby suggesting that dietary intake
of fish may inhibit cell entry and replication of SARS-CoV-2
and thus reduce COVID-19 infection. The prospect of increas-
ing sACE2 through changes in diet has never before been
explored. We also show that hydrolysates of muscle, back-
bone, skin and head fractions from haddock, saithe, Atlantic
cod and golden redfish possess ACE2-inhibitory properties
in vitro.

sACE2 protects from lung injury and blocks cell entry of SARS-
CoV-2(15,16,36) and has a cardioprotective effect by preventing
angiotensin II-induced hypertension and cardiac fibrosis(37).
Increasing the amount of sACE2 has been suggested as a prom-
ising potential therapy for coronavirus infection(17), and clinical
phase I and phase II trials show that sACE2 administration is well
tolerated in healthy subjects(38) and in patients with acute respi-
ratory distress syndrome(39). The membrane-bound ACE2 is
cleaved by TMPRSS2 upon binding of SARS-CoV-2 to enable
entry into the cell or by sheddases to release sACE2. The main
sheddase for ACE2 is a disintegrin and metallopeptidase domain
17 (ADAM17)(40), which also releases membrane-bound pro-
inflammatory cytokines including TNF-α, IL-6(41) and inter-
feron-γ(42). ADAM17 is activated by increased binding of angio-
tensin II to the angiotensin II type 1 receptor(43), and the serum
concentration of soluble ADAM17 was shown to be higher in
severely ill COVID-19 patients(44). Importantly, the sACE2 activ-
ity was markedly elevated and was associated with a higher IL-6
concentration in patients with severe COVID-19(45). Increased
shedding of ACE2 due to activation of the renin–angiotensin sys-
tem following upregulation of ADAM-17 also drives the patho-
genesis in diseases such as heart failure and coronary artery
disease(46), and elevated plasma sACE concentration is associ-
ated with a greater risk of major CVD events(47). We believe that
the elevated sACE2 concentration observed in rats fed cod
muscle is not associated with activation of ADAM17, since both
angiotensin II and TNF-α serum concentrations were similar
between the experimental groups, and the IL-6 concentration
was below quantification level for all rats. This is also supported
by previous observations of no signs of increased inflammation
in obese Zucker fa/fa rats after dietary treatment with Atlantic
cod(48) or blue whiting (Micromesistius poutassou)(49), both
members of the Gadidae family. Further, adult study participants
with overweight/obesity consuming five weekly dinners with
cod fillet actually had lower serum concentrations of neopterin
(stimulated by interferon-γ during immune activation)(50), with
no changes in serum concentrations of TNF-α, IL-8 and mono-
cyte chemoattractant protein 1(51).

The current rat study was not designed to provide a definitive
description of the mechanism(s) behind the higher sACE2 con-
centration in rats consuming a diet containing cod muscle, but
we speculate that intake of cod may stimulate the gene expres-
sion of ACE2 through inhibition of ACE activity. This suggestion
is based on studies showing that plasma ACE2 activity was
increased in COVID-19 patients treated with a pharmacological
ACE inhibitor(52) and that ACE inhibitors increased cardiac ACE2
gene transcription in Lewis rats(53). Peptides with ACE inhibitory
activity have been discovered in several fish species, including
cod(26), and we have previously shown that hydrolysed cod
muscle efficiently inhibits ACE activity in vitro(54).
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Fig. 1. Serum concentrations of sACE2 in rats fed a Cod diet or a Control diet.
The bars represent the geometric means with quartiles for six rats in each group.
*Geometric mean was significantly different from that of the Control group
(P< 0·05, evaluated by unpaired Student’s t test).
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The possibility that peptides in common foods may prevent
COVID-19 infection is inspiring and should be thought-provok-
ing. Bioactive peptides taken orally are absorbed through the
intestine and will, if intact, enter the blood for transport and
may induce systemic effects or trigger local effects in the gastro-
intestinal tract. Although di- and tripeptides are quickly absorbed
in the intestine, they may not always reach their target organs or
cells, as a consequence of the action of proteases in the gas-
trointestinal tract resulting in them being hydrolysed to inac-
tive peptides or free amino acids. Also, larger peptides may be
hydrolysed into bioactive peptides in the intestine. For pepti-
des to have an effect on ACE2 activity, this will require that the
bioactive peptides that are liberated during enzymatic diges-
tion of proteins can be absorbed intact in the intestine and
transported by the blood to their sites of action. Small peptides
taken orally have been retrieved in their intact form in plasma
in humans(55) and may thus impact biochemical systems and
physiological processes. The search for specific bioactive
peptides in the blood that originate from the diet is challeng-
ing due to the abundance of peptides of endogenous origin
and from exogenous sources. A better approach in vivo
may be to investigate the direct effects of individual peptides.
Studies have shown that oral administration of several (but by
no means all) single peptides with ACE-inhibiting activity
in vitro have an acute lowering effect on the blood pressure
in spontaneously hypertensive rats(56–63). Oral administration
of tripeptides for 1 week(60) or 18 d(64) also reduced the blood
pressure in spontaneously hypertensive rats. These studies,
and other studies using single peptides or mixtures of pepti-
des, strongly indicate that some bioactive peptides resist deg-
radation and thus are bioavailable and able to exhibit

physiological activity when they reach their target cells. It is
possible that the occurrence of circulating ACE2 inhibitors
observed in human blood by Lew et al.(24) may have origi-
nated from the diet after consumption of food such as fish
containing bioactive motifs or peptides with ACE2-inhibiting
properties, and it was suggested that these might be basic
amino acids or small peptides. This strengthens the concept
that peptides with ACE2-inhibiting effects from consumed
fish may be absorbed and bind to ACE2, thus inhibiting the
activity of ACE2, in the human body.

It was recently shown that following plant-based or pescatar-
ian diets protected against moderate-to-severe COVID-19(27).
Fish contains a plethora of important nutrients, such as minerals
and vitamins that are essential for a well-functioning immune
system(31), in addition to essential fatty acids and high-quality
proteins. Here, we investigated the in vitro ACE2 inhibiting
potential of protein hydrolysates prepared from different parts
of fish, including the muscle which represents the most popular
part of the fish in Western cuisine. We observed that the ACE2
inhibitory capacity was evident formuscles from all four fish spe-
cies tested, which makes these interesting candidates for future
in vivo research.While fish’muscles are readily prepared for din-
ner, the backbone, skin and head fractions (which also showed
ACE2-inhibiting capacity) may bemore challenging to include in
an everyday diet.We therefore suggest that the use of dried pow-
ders prepared from the rest raw materials should be further
investigated as supplements and enrichments to common foods.

The present study has several limitations. In the rat study,
only one fraction from one single fish species, i.e. muscle from
cod, was investigated, and a generalisation regarding an effect of
fish intake on serum sACE2 concentration cannot be based on

0

500

1000

1500

2000

Muscle Backbone Skin Head Stomach
(rinsed)

Stomach
content

Intestine
(rinsed)

Swim
bladder

Haddock

Saithe

Cod

Redfish

IC
50

 fo
r A

C
E2

 in
hi

bi
tio

n 
(µ

g 
pr

ot
ei

n/
m

l)

b

a

abab

a

a

aba

b

ab
ba

N.I. N.I. N.I. N.I.

ab

a

b
b

Fig. 2. IC50 values for ACE2 inhibition by fish protein hydrolysates prepared with trypsin. The bars represent the amount of protein in μg/ml needed to inhibit 50% of the
ACE2 activity. Data are presented as themeanwith their standard error ofmean shownby vertical bars for twomeasurements. The hydrolysateswere compared fraction-
wise using one-way ANOVA with Tukey HSD post hoc test, and different letters indicate significant differences between protein hydrolysates; P< 0·05 was considered
significant. N.I.: no inhibition detected.

Fish intake affects sACE2 concentration 5

https://doi.org/10.1017/S0007114523000776  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114523000776


this study alone. For the in vitro study, we mimicked protein
digestion by using only trypsin, thus the ACE2-inhibiting pepti-
des that were liberated from the fish proteins may be different
from those released during digestion in the human gastrointes-
tinal tract. Although sACE2 concentration was increased after
cod muscle consumption in rats, we have no knowledge on
whether the activity of sACE2 may be inhibited by fish intake,
which is a possibility since fish protein powders inhibited
ACE2 activity in vitro. The concentration and the activity of
sACE2 in vivo are not necessarily associated, which may be
due to, amongst other things, the presence of endogenous inhib-
itors, thus it is important to gainmore knowledge about the effect
of fish intake on the activity of ACE2. Our research group will
continue with testing of various fish species as part of a regular
diet in humans to investigate if an increase in sACE2 concentra-
tion and activity can be obtained in normal weight or overweight
humans with no or low-grade systemic inflammation, and to
investigate if sACE2 activity in vivo may be affected by fish
consumption.

Conclusion

In the present study, we show for the first time that fish intake
increases the serum concentration of sACE2 in rats and that
fish proteins have ACE2-inhibiting potential in vitro. The
increase in sACE2 was probably not due to increased shedding
as a consequence of ADAM17 activation, since neither angioten-
sin II, TNF-α nor IL-6 was increased in rats fed fish muscle,
but may be a consequence of inhibition of ACE activity by the
fish proteins. These findings indicate that dietary fish intake
may protect against COVID-19 infection. Further research
should investigate a potential association between fish intake
and the severity of COVID-19 in humans, and whether fish
should be recommended as part of a healthy diet to prevent
COVID-19 infection.
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