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Abstract This work conducted a four-week metabolism test on rats to study the digestion and absorption characteristics of five
protein-based krill products prepared from Antarctic krill as raw material. It aimed to provide theoretical support for the effective use
of Antarctic krill protein and the development of novel protein resources. The results showed that the weight gain and true digestibi-
lity of the rats fed with krill meat, surimi and ordinary krill powder were significantly higher (P<0.05) than those of the rats fed with
traditional casein. Compared to casein, proteins from the five Antarctic krill products were found to significantly improve the net
protein utilization (P<0.05), and reduce the total cholesterol and triglycerides in the serum of rats (P <0.05). In summary, the Antarc-
tic krill protein-based products with high nutritional values can be used as a potential novel protein resource in the food industry.
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1 Introduction

Dietary proteins provide the source of energy and ami-
no acids for the body (Ma et al, 2017). During the nutri-
tional evaluation of dietary proteins, not only quantity, but
also quality should be considered. The quality measures the
content and pattern of essential amino acids in the food pro-
teins as well as the degree to which the body digests and
utilizes, while the quantity measures the amount of protein
in the food. Dietary protein quality is commonly defined
by the bioavailability of essential amino acids, a function
of amino acid composition and protein digestibility (Szepe
et al., 2021). Previous studies on the quality of protein main-
ly focused on the protein content and essential amino acid
patterns, while the digestion, absorption and utilization of
the proteins were often ignored. The amino acid composi-
tion of some proteins can also be affected by the protein
sources (animals, plants), non-protein components (dietary
fiber, trypsin inhibitors), and physiological factors. The de-
gree of digestion, absorption, and utilization of these pro-
teins in the body may be low, resulting in low nutritional
value. Protein digestibility refers to the ratio of nitrogen ab-
sorbed from protein to nitrogen intake, which reflects the
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degree of food proteins decomposed and absorbed by the
digestive enzymes (Ashwath Kumar ef al., 2019). Therefore,
when evaluating the quality of protein, the digestibility of
the protein should be measured and analyzed, which is of
great significance for the comprehensive evaluation of food
nutrition. Differences in dietary structure may lead to dif-
ferences in human nutritional intake, which will directly af-
fect human health (Scheijen et al., 2018). If the protein can
meet the needs of the human body, it can be considered as
a new source of protein.

The method for measuring protein digestibility based on
the direct uptake of protein samples in animals are called
the in vivo protein digestibility assay. It is a good method
to use animal experiments to determine digestibility in vivo.
The rat fecal nitrogen balance experiment can provide the
best human protein digestibility index (de Oliveira Sousa
et al., 2011). The main steps of digesting a protein in the
body are as follows. First, the protein is digested by the pep-
sin in the stomach and then digested by the protease in the
intestine. Subsequently, the protein components that cannot
be digested and absorbed, together with a small amount of
fecal metabolism nitrogen of microorganisms in the body
and exfoliated cells are excreted from the feces (fecal ni-
trogen) (Lee, 1995). Fecal metabolic nitrogen produced by
rats under the condition of no protein intake is the endo-
genous nitrogen in feces. The protein digestibility measured
by subtracting endogenous nitrogen from feces is close to
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the actual value of the actual digestibility of protein (Wong
et al., 2004; Yu et al., 2018). The protein quality of cook-
ies developed for undernourished adolescents was inves-
tigated by calculating the biological value, Net Protein Uti-
lization, Protein Efficiency Ratio and True Protein Di-
gestibility to indicate that the product had better quality
(Szepe et al., 2021; Cinu et al., 2022).

The total abundance, biomass and production of Antarc-
tic krill (Euphausia superba) are large (Atkinson et al.,
2009). Protein can directly affect energy metabolism and
protein metabolism (Bjorndal et al., 2014). Therefore, An-
tarctic krill has been regarded as the largest animal source
of protein in the whole world, and its proteins contain all
essential amino acids of human beings. Antarctic krill con-
tains 16.31% of crude protein in its nutrition components,
and the essential amino acids (EAA) account for 25.88% of
the total amino acids (Wang et al., 2021). The krill products
meet the FAO/WHO protein requirement for human, and
their biological values are higher than casein (Chen ef al.,
2009; Li et al., 2020). In this study, a high-quality protein-
casein was used as a control to analyze the bioavailability
and nutritional metabolism of the proteins in krill meat (KM),
krill surimi (KS), ordinary krill powder (OKP), skim krill
powder (SKP), and defluorination krill powder (DKP) pre-
pared from frozen Antarctic krill by the rat growth test. The
digestibility and absorption of five Antarctic krill product
proteins were investigated to provide a theoretical basis for
the development and rational utilization of the Antarctic
krill protein.

2 Materials and Methods

2.1 Materials and Reagents

Antarctic krill (Euphausia superba) was captured in July
2016 by China’s Aquatic Products Co., Ltd. After being cap-
tured, it was extruded and frozen on a ship, and the speci-
fication was 20kg per plate. It was transported to the labo-
ratory and stored at —18°C for future analyses. All the che-
micals and reagents were of analytical grade or with high-
er quality.

2.2 Preparation of the Antarctic Krill Products

The frozen Antarctic krill were thawed, husked, and free-
ze-dried to obtain krill meat. The krill surimi was obtain-
ed by rinsing the Antarctic krill, followed by husking, rin-
sing, draining, and then freeze-drying; the rinsing water
temperature should be controlled at about 10°C (to ice cool-
ing). The ordinary krill powder was obtained by thawing
the Antarctic krill at 100°C and steam-treated by adding the
the water with a ratio of 2:1 (w/v). Then it was extruded,
drained, hot air-dried for 8h at 60°C, and finally crushed
(Liu et al., 2018). The ordinary krill powder was degreased
with 95% ethanol (1/10, w/v) degreasing treatment for 10h,
filtered to remove the alcohol solution, and finally the re-
sidue was dried in cold air for 10h to obtain skim krill pow-
der (Wang et al., 2019). Skim krill powder was treated with
0.3molL™' HCI (1/10, w/v) for 1h and then centrifuged. The
precipitate was treated repeatedly thrice, and was dried to
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obtain the defluorinated krill powder (Wang, 2013). The
prepared krill product was stored in a refrigerator at —20°C
until further analyses. The protein contents of these five
krill products were determined by Kjeldahl method (Li
etal., 2019).

2.3 Animal Study

The approach of feeding required for rat growth experi-
ments was prepared using the method reported by Wong
et al. (2004) with a protein content of 10%. The diet com-
position uses the AIN-93G standard, casein, KM, KS, OKP,
SKP, and DKP as the sole protein source of the six experi-
mental groups respectively. They were added to the diet at
a final protein concentration of 10% to prepare the diets with
different protein resources. The proteome-free diet (PF) re-
placed starch with 10% protein in the 10% LP diet. The re-
quired feed ingredients were purchased from Hua Fukang
Biotechnology Co., Ltd. (Beijing, China).

Forty Sprague-Dawley rats with an average weight of 90g
+10g were purchased from the Weitonglihua Experimental
Animal Technology Co., Ltd. (Beijing, China). The rats were
housed in cages at a room temperature of 21-25°C under
55%+10% humidity conditions with a 12h:12h light:dark
cycle. All the rats were allowed free access to the diets and
water, limiting the food supply to 20gd . All aspects of the
animal studies were conducted according to guidelines pro-
vided by the Ethical Committee of Experimental Animal
Care of Ocean University of China (Qingdao, China), and
the experimental procedures were approved by the Animal
Care and Ethics Committee (No. AE20171023-2).

The digestion and absorption of proteins were carried
out following the method of Wong ef al. (2004). On the
first three days, all rats received a casein-controlled diet.
After this period, the rats were randomly divided into se-
ven groups with PF, LP, KM, KS, OP, SKP, and DKP pec-
tively (n=10). The normal control group was fed a casein-
controlled diet, the no-protein group was fed a protein-free
diet, and the remaining five groups were fed an Antarctic
krill product protein. The first three days of the respective
diets were performed for metabolic experiments, during
which fresh feces and urine samples were collected. The
fecal and urine samples were immediately frozen in liquid
nitrogen and stored at —80°C for further analysis. After the
end of the metabolic test, each group of animals was fed
until 28 days. Food intake was recorded daily, and the body
weight and body length were measured twice a week.

After feeding and fasting for 8h, the rats were sacrificed
by 10% chloral hydrate anesthesia and blood was collect-
ed by executing a cardiac puncture. The liver, kidneys, and
fat pad were excised and weighed, colon tissues were col-
lected, and then they were frozen with liquid nitrogen and
stored at —80°C.

2.4 Determination of Nutritional Metabolism Index

The feed nitrogen, fecal nitrogen, and urine nitrogen were
determined by the Kjeldahl method for nitrogen determina-
tion (Zou et al., 2012; Zhang et al., 2016). According to the
results of the nitrogen metabolism test on the 3rd day, va-
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rious indices of digestion and absorption were calculated.

The calculation formula is as follows:

Nitrogen retention (NR): NR =1—-(FN+ UN), (1)

True digestibility (TD): TD (%) =

I—(FNI— EFN) 100, )

I-(FN - EFN) — (UN — EUN)

Net protein utilization (NPU): NPU (%) = i %100, 3)
Amino acid score corrected by protein digestibility (PDCAAS):
PDCAAS = True digestibility x Minimum amino acid score, @)
. . . BW
Protein efficiency ratio (PER): PER = R %)
Ix6.25

Net protein ratio (NPR):

NPR

_ Average weight gain of animals in the test group (g) + Mean weight loss of animals without protein — Based diet (g)

Food protein ingested by experimental animals (g)

where I is nitrogen intake (g), FN is fecal nitrogen, UN is
urine nitrogen, EFN is endogenous fecal nitrogen in the rats
of nitrogen-free group (g), EUN is endogenous urinary ni-
trogen in the rats of nitrogen-free group (g), BW is rats
body weight gain (g).

2.5 Analysis of Biochemical Indicators in Blood

The plasma levels of total protein (TC), albumin (ALB),
hemoglobin (HGB), AKP energy, calcium, and creatinine
content, total cholesterol (TC), triglyceride (TG), high-den-
sity lipoprotein cholesterol (HDL-C), low-density lipopro-
tein cholesterol (LDL-C), alanine aminotransferase (ALT),
and glutamic-oxaloacetic transaminase (GOT) concentra-
tions in rats were determined using analytical reagent kits
(Nanjing Jiancheng Bioengineering Institute, China).

2.6 Liver and Colonic Histomorphology

The liver and colon tissue samples of rats were embed-
ded in paraffin. All the 9 samples were cut into 5 pm slices.
Then the samples were stained with hematoxylin-eosin. The
sections were viewed under an optical microscope at X400
magnification. Olympus light microscope BX41 (Olympus,
Japan) was used for observing the villus length and crypt
depth.

2.7 Determination of Liver Fatty Acids

The extraction of rat liver lipids was carried out accord-
ing to the method of Folch et al. (Zou et al., 2012) and was
improvised. About 0.1 g of the liver was homogenized in
a stoppered test tube and was shaken in a 37°C water bath
for 45 min to undergo full leaching. After cooling, the lea-
chate was filtered into a stoppered tube, and the filtrate vo-
lume was recorded. Double-distilled water that was equi-
valent to 20% of the volume of the filtrate was added and
mixed into an emulsion. The mixture was allowed to stand
at room temperature overnight. The lower layer was col-
lected, then dried under nitrogen, and dissolved in 10mL
of petroleum ether, with shaking. The mark was noted and
stored at —40°C.

E)

(6)
Methylation of liver lipids was performed according to
the method of Cui et al. (2014). Liver fat (1 mL) was added
to a methyl esterified tube, while 100 ug C15:0 (triglyceride)
was used as an internal standard, and 2 mL of the methyl
esterified reagent (hydrochloric acid:methanol=1:5) was
subjected to methyl esterification. After cooling, the layers
were extracted with n-hexane. About 1 mL of the upper lay-
er solution was concentrated by vacuum centrifugation and
reconstituted with 50 uL of n-hexane, and 1 pL was taken
for GC analysis.

2.8 Statistical Analysis

Analyses were evaluated by the one-way ANOVA follow-
ed by Duncan’s multiple comparison test using the SPSS
18.0. All results are expressed as mean+SEM (standard er-
ror of the mean, indicated by error bars). When variances
were not homogeneous, the non-parametric Kruskal-Wal-
lis test and the Mann-Whitney U test were conducted for
pairwise comparisons. The difference was considered sig-
nificant when P<0.05.

3 Results

3.1 Food Intake, Body Weight Organ
Indicators Parameters

Dietary protein intake is a background material or refe-
rence material for evaluating the nutritional status of pro-
tein in the body, and it is combined with the index of nu-
tritional status of the protein in the body to assess the nu-
tritional status of the protein in the body correctly (Tie-
land et al., 2018). The food intake in different groups fed
with different diets is shown in Fig.1(A).

As described, the rats in the nitrogen-free group had the
lowest food intake, only (10.35+0.68)gd ', which was re-
lated to long-term protein deficiency leading to the loss of
appetite. The food intake of the OKP, SKP, DKP, KM, and
KS groups ((18.22+1.32), (19.04+0.41), (18.06+0.57),
(19.02+1.16), (19.12+0.53)gd ", respectively) (P<0.05)
was significantly higher than the nitrogen-free group, but
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not significantly different from the casein group. This also
indicated that the flavor of the Antarctic krill protein itself
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Fig.1 Effects of different protein on the food intake (A), the body weight gain (B), the body length (C) and the organs
weight (D) of the rats fed the 10% LP (LP group), 10% KM (KM group), 10% KS (KS group), 10% OKP (OKP group),
10% SKP (SKP group) and 10% DKP (DKP group) for 4 weeks. H, heart; L, liver; K(L), kidney (left); K(R), kidney
(right); S, spleen; PF, perirenal fat; EF, epididymal fat. Values were expressed as mean+ SD (n=6). Significant differences

were denoted by * (P<0.05).

The body measurement of the experimental animals is an
important reference for identifying the nutritional status of
proteins. The body measurement indicators used in the as-
sessment of growth and development status include weight,
body length, etc. (Kurtoglu et al., 2012). The effects of ca-
sein and the proteins from the different Antarctic krill pro-
ducts on the bodyweight of rats were studied, and the re-
sults are shown in Fig.1(B).

As shown in Fig.1(B), in the first three days, to adapt the
weaned rats to the environment and food, the basal feed
containing casein was fed, and the weight of all the rats in-
creased from (90+10.87)g to (121£3.62)g. Three days la-
ter, the feed supplemented with different proteins was ad-
ministered. The bodyweight of the rats showed a difference,
and the difference in the nitrogen-free group was the most
significant (P<0.05) compared to the casein group. The
bodyweight of the nitrogen-free group rats showed a down-

@ Springer

ward trend with time, reduced from (120.26+£3.94) g to
(97.38£1.19) g after feeding for 10 days. The weight of the
KM group rats increased the fastest, from (124.86+4.52)¢g
to (289.61+3.15) g, followed by the KS group, which in-
creased from (120.91+4.52)g to (287.87+11.62) g, and the
weight of OKP group rats increased from (123.02+4.26)g
to (273.2+£7.43) g. The weight gain of the rats was signi-
ficantly higher (P<0.05) than that of the casein group (from
(120.75+4.26) g increased to (268.82+7.43)g). The trend
of the weight gain of the SKP and DKP groups was con-
sistent with that of the casein group. This may be related to
the fact that degreasing and defluorination have changed
the structure of the protein during product processing, there-
by affecting the degree of protein utilization by the body.
However, it can be seen from the figures that they are the
only proteinogens in the diet, respectively, which did not
cause protein malnutrition in rats, and there was no signi-
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ficant difference compared to the control group with casein
as the sole proteinogen.

From the perspective of traditional nutrition, casein has
the highest food conversion rate and is a high-quality pro-
tein that promotes growth and development (Huber ef al.,
2018). The changes in body weight of the rats indicated
that the effect of SKP and DKP on promoting growth and
development is similar to casein. The growth-promoting ef-
fects of KM, KS, and OKP are better than that of casein,
and their nutritional value is higher.

The effect of the proteins from the five Antarctic krill pro-
ducts on the body length of rats was studied in the experi-
ment. Fig.1(C) showed the growth difference of rats fed dif-
ferent Antarctic krill protein products. As shown in Fig.1(C),
the body length of rats fed with the proteins from five An-
tarctic krill products increased with time, and the increases
were significantly better than those of the casein group.

A

Nitrogen retention index (mg (grat ')d™")

FN

Metabolic index

Among them, KM and KS were more effective than others
(P<0.05).

The effect of different proteins on the organ weights of
rats is shown in Fig.1(D). Changes in the organ weight of
the rats were important evidence stating the role of proteins
in rat growth and development. Compared to the casein
group, there was no abnormality in the visceral tissues of
rats who were fed the protein of five Antarctic krill products.
It means that krill proteins have the effect on rat organs as
casein.

3.2 NPU, NPR, TD, PDCAAS Indicators Parameters

The NPU, NPR, TD, and PDCAAS in rats fed different
diets for 4 weeks are presented in Fig.2(B). CinuVarghese
et al. (2022) investigated the protein quality of cookies de-
veloped for undernourished adolescents by calculating the
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Fig.2 NI, FN, UN, PDCAAS, NPR, TD, NPU, NR/DI and NR/DNI in rats fed the 10% LP (LP group), 10% KM (KM
group), 10% KS (KS group), 10% OKP (OKP group), 10% SKP (SKP group) and 10% DKP (DKP group) for 4 weeks. Va-
lues were expressed as mean+ SD (z=38). Different letters in the same line indicate significant differences (P<0.05).
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Biological Value, Net Protein Utilization and True Protein
Digestibility to indicate that the products had better qua-
lity (Szepe et al., 2021). The TD of KM was highest for
97.79%, followed by 96.67% for KS, 95.2% for OKP, and
94.7% for SKP, all were significantly (P<0.05) higher than
92.2% of casein. DKP has the lowest TD (93.8%) and is
still higher than casein. There was no significant (P <0.05)
difference in the nitrogen intake between the rats fed An-
tarctic krill protein and casein, but the protein from the An-
tarctic krill product significantly (P<0.05) reduced the uri-
nary nitrogen and fecal nitrogen excretion in rats, and sig-
nificantly improved in NPU group. The PDCAAS method
is the most effective method for evaluating food proteins
because it takes into account the amino acid score and di-
gestibility required by the human body (Stodkilde et al.,
2018). Hughes et al. (2011) analyzed the protein quality of
four kinds soy products by using PDCAAS. As shown in
Fig.2(B), the processing of products such as heating, de-
greasing, and defluorination did not show significantly (P
<0.05) affect the PDCAAS value of krill protein, which was
0.67+0.04. There was also no significant (P<0.05) diffe-
rence between the PDCAAS value of the protein from the
krill product and casein.

As shown in Figs.2(A) and (C), there was no significant
difference in the NI of rats ingested by krill protein pro-
ducts compared with casein (P<0.05), but krill protein pro-
ducts significantly reduced the excretion of UN and FN,
and significantly increased the NPU. These data indicated
that the protein availability of the krill protein products is
higher than casein, and the results of KS and KM groups
were more significant (P<0.01).

3.3 Rat Blood Indicators Parameters

Pathological changes in any constituents in the blood will
affect tissues and organs throughout the body; conversely,
changes in tissues or organs will also cause changes in blood
components, so hematological analysis is very helpful for
understanding the health of the body (Stogdale, 1981; Lo
et al., 2011). The levels of plasma TP, ALB, HGB, HDL-
C, LDL-C, TC, TG, and blood indexes in rats fed different
diets for 28 days are shown in Fig.3.

It is generally believed that the contents of serum total
protein and albumin are related to the anabolic metabolism
of proteins in the body, which can reflect the deposition of
proteins in tissues and organs to a certain extent (Williams
Stahly ef al., 1997; Litvak et al., 2013). Xia et al. (2003) re-
ported that when the serum total protein and albumin con-
tent increased, the piglet’s digestion and absorption, protein
metabolism strengthened, and its immunity were improved.
In contrast, malabsorption caused by chronic protein defi-
ciency or chronic intestinal disorders can lead to low total
protein levels. In addition, albumin content will be signifi-
cantly reduced in the absence of protein, and an important
reason for the body’s edema is lack of albumin in the body.

The results are shown in Fig.3(A) and Fig.3(B) show that
the total protein and albumin content of rats fed with the
different diets were not significantly different (P<0.05) in
comparison with the high-quality protein-casein-fed rats
(53.08gL7", 34.48gL™"), which indicated that the protein
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from the Antarctic krill products did not affect the absorp-
tion and metabolism of protein in rats, and its absorption
and metabolism in the body was comparable to casein.
Therefore, all five Antarctic krill products were found to
be capable of providing the rats with nitrogen sources for
protein absorption and metabolism.

The content of hemoglobin can represent the hemato-
poietic function of the body to a certain extent (Wei et al.,
2018). As shown in Fig.3(C), the hemoglobin content in rats
fed with the proteins from the Antarctic krill products was
mildly higher than that in rats fed high-quality protein-
casein (143.2gL™), followed by the SKP group for 144.37
gL, the KS group for 145.58 gL', the OKP group for
145.86gL ", the DKP group for 146.46gL ' and the KM
group at 146.52gL"". This indicated that the proteins from
the Antarctic krill did not affect the hematopoietic function
of rats, and its hematopoietic capacity was slightly better
than casein.

As shown in Fig.3(D), Fig.3(G), Fig.3(H), compared with
casein, the Antarctic krill product protein significantly re-
duced (P<0.05) the high and low-density cholesterol and
triglyceride in the rat serum, and reduced the urea nitrogen
content. In addition, the Antarctic krill protein had no sig-
nificant effect on AKP activity and calcium content in rats
(P<0.05).

The liver is not only an important organ for the metabo-
lism of proteins, lipids, and sugars in animals, but also an
important organ for the body to secrete bile (Wei et al.,
2018). Serum alanine aminotransferase, triglycerides, total
cholesterol, total protein, etc. are important indicators for
evaluating liver damage. When the liver is damaged, serum
alanine aminotransferase can be increased (Shim et al.,
2018).

3.4 Liver Histomorphology and Total Fatty Acid
Composition in Liver

The liver sections of rats fed different diets for four weeks
are presented in Fig.4. Among them, the liver big lobe and
liver cells of the rats fed with casein did not show dege-
nerations or necrosis, or the structure of the hepatic junc-
tion area was not abnormal. No fat turbidity, degeneration,
and hepatocyte degeneration and necrosis were found, and
no lipid droplets were observed in the cytoplasm of the
liver big lobe and liver cells of the rats in the OKP, SKP,
DKP, and KS groups. The central hepatic vein and the struc-
ture of the hepatic junction area were also normal.

The liver lobe and liver cells of rats in the KM group
showed mild turbidity, and mild steatosis was also observed.
However, no hepatocyte degeneration or necrosis was found,
and no abnormalities were found in the liver central struc-
ture. Suspicious adipocyte infiltration and lymphocytic foci
were observed between the large leaves of the liver of most
animals in each experimental group (a common spontane-
ous disease in experimental rats) (Hanley ef al., 2017).

As shown in Fig.4, the structure of the liver big leaf of
the rats in each experimental group was normal. The ar-
rangement of hepatocyte cords was normal and there was
no dilatation or congestion of the hepatic sinus. Therefore,
the experimental results show that the Antarctic krill pro-
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teins do not cause pathological damage to the rat liver, and
they can improve liver steatosis and reduce lipid-contain-
ing vacuoles.

The fat contents in the liver of rats fed different diets are
shown in Table 1. Compared to the casein group, the ratio
of arachidonic acid in the total liver lipids of rats fed with
Antarctic krill proteins decreased significantly (P<0.05),
while the ratios of EPA and DHA increased significantly
(P<0.01), which suggested that feeding the Antarctic krill
protein increased liver lipid EPA and DHA levels in rats.

3.5 Colonic Histomorphology

The colon sections of rats fed different diets for four
weeks are presented in Fig.5(A). The morphological obser-
vation of colon tissue showed that compared to the casein-
fed rats, the colonic structure of rats fed with the Antarc-
tic krill protein was complete, the villi were slender and
closely arranged, and there was no significant difference in
their morphology (P<0.05). From Fig.5(A), the cells of each
layer of the colon of the rats in each experimental group
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Fig.3 Levels of plasma TP (A), ALB (B), HGB (C), HDL-C, LDL-C, TC and TG (D), GOT(E), ALT (F), AKP energy (G),
calcium content (H), creatinine content (I) in rats fed the 10% LP (LP group), 10% KM (KM group), 10% KS (KS group),
10% OKP (OKP group), 10% SKP (SKP group) and 10% DKP (DKP group) for 4 weeks. Values were expressed as mean
+SD (n=6). Significant differences were denoted by * (P£<0.05).
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Fig.4 HE staining of the liver of rats fed with different protein diets.

Table 1 Effects of Antarctic krill proteins on total fatty acid composition in rat liver

Fat content in the liver (mgmL™")

FA
LP PO SKP DKP KM KS
C16:0 1.63" 2.12° 1.99° 2.26° 2.68° 2.76°
cl16:1 0.20* 0.36° 0.28" 0.29" 0.51° 0.52°
C18:0 1.05° 1.14° 1.20° 1.55° 1.05° 1.20°
C18:1 0.97* 1.38° 1.29° 1.45° 2.48° 2.66°
C18:2n6t 1.11° 1.34° 1.42° 1.70° 2.14° 2.49¢
C18:3n3 0.18" 0.16 0.14% 0.15 0.14% 0.13
C20:4 1.04° 0.59* 1.01° 1.39¢ 0.81° 0.89°
C20:5 - 0.14° 0.10° 0.11° 0.44° 0.19°
C22:1 0.35° 0.28° 0.30° 0.25° 0.27® 0.34°
C22:6 0.34* 0.85° 0.55° 0.66° 0.67° 0.81°
YSFA 2.68° 3.25° 3.19® 3.81° 3.73¢ 3.96°
TUFA 4.19° 5.08° 5.09° 5.99" 7.46° 8.03¢
SUFA/SSFA 1.46° 1.56 1.55° 1.55° 2° 2.01°
-3 FA 0.52° 1.25¢ 0.79° 1.22° 0.95° 1.13¢
-6 FA 2.15° 1.92° 243" 3.09° 2.95° 3.39°

Notes: Different letters in the same line indicate significant differences (P<0.05). ‘— in the table indi-
cates that such a fatty acid is not detected. UFA, unsaturated fatty acid; SFA, saturated fatty acid.

were arranged normally, and no bleeding and edema were
observed in the lamina propria and muscular. Intestinal mu-
cosa epithelial cells showed no obvious degeneration, ne-
crosis, or ulcer formation. Therefore, the experimental re-
sults show that the proteins from the Antarctic krill products
do not cause pathological damage to the colon of the rats.

The morphological observation of colon tissue showed
that compared to the casein-fed rats, the colonic structure of
rats fed with the Antarctic krill protein was complete, the
villi were slender and closely arranged, and there was no
significant difference in their morphology (P<0.05). From
Fig.5(A), the cells of each layer of the colon of the rats in
each experimental group were arranged normally, and no
bleeding and edema were observed in the lamina propria
and muscular. Intestinal mucosa epithelial cells showed no
obvious degeneration, necrosis, or ulcer formation. There-
fore, the experimental results showed that the proteins from
the Antarctic krill products do not cause pathological dam-
age to the colon of the rats.

@ Springer

The length of the colonic villi and the depth of the crypt
were measured using the image processing software Case
Viewer, and the ratio (V/C value) was calculated. The re-
sults are shown in Figs.5(B) and 5(C). As shown in Figs.
5(B) and 5(C). Compared to the normal group, the rats in-
gesting the proteins from the Antarctic krill product had in-
creased villus length and increased V/C value. Among them
rats in the KM group showed significantly increased V/C
values (P<0.01). Therefore, the experimental results show
that ingesting these five Antarctic krill product proteins can
improve intestinal digestion, absorption, immune defense,
and other comprehensive functional damage, and the ef-
fect is better than that of casein.

4 Discussion

Our results of the rat balance tests indicated that the pro-
teins in these five Antarctic krill products could significant-
ly (P<0.05) promote the growth and development of rats

el



DU et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2023 22: 735-745 743

LP

DKP

2801

%

260 F

240 g

220p

200p

180 $

160 F

Villus length (pum)

=

LP OKP SKP

DKP KM KS

op , SKP

KMP

60 F

Crypt depth (pm)

40— L L
DKP KM KS

LP OKP SKP

Fig.5 A photomicrograph of colon histological sections (original magnification x 400) stained with hematoxylin-eosin (A),
the villus height (B) and crypt depth (C) of colonic tissue in rats fed the 10% LP (LP group), 10% KM (KM group), 10%
KS (KS group), 10% OKP (OKP group), 10% SKP (SKP group) and 10% DKP (DKP group) for 4 weeks. Values were
expressed as mean+ SD (n=_8). Significant differences were denoted by * (P<0.05).

when compared to casein, a well the recognized high-qua-
lity animal protein (Fernandez-Tome et al., 2017; Thakur,
et al., 2020). The flavor changes of the Antarctic krill pro-
tein during processing did not affect the appetite, protein ab-
sorption, and metabolism of the rat. The TD of the five An-
tarctic krill products were all higher than 92.2% of casein,
the highest TD of KM was 97.79%, followed by 96.67%
for KS, 95.2% for OKP, 94.7% for SKP, and 93.76% for
DKP. There was no significant difference in the nitrogen in-
take between the rats fed Antarctic krill protein and casein
(P<0.05), but the Antarctic krill product protein significant-
ly reduced the urinary nitrogen and fecal nitrogen excretion,
and significantly improved NPU in rats. Some studies in-
dicated that compared to a casein control, different dehydra-
tion methods of krill could cause apparent urinary nitrogen
losses and lower net protein utilization. At the end of the
twentieth century, the FAO/WHO Expert Consultation on
Protein Quality Evaluation recommended the use of the Pro-
tein Digestibility Corrected Amino Acid Score (PDCAAS)
method, which considers both the indispensable amino acid
content of the test protein and its digestibility (El and Ka-
vas, 1996; Tavano et al., 2016).The processing had no sig-
nificant (P>0.05) effect on the PDCAAS value of the krill
protein. The proteins from the five types of krill products
have a slightly better hematopoietic ability than rat casein.
They did not cause pathological changes in the rat visceral

tissue, and had certain positive effects in maintaining the
health of the rats.

The measurement results of rat blood showed that there
was no significant difference of total protein and albumin
content between the rats fed with the proteins from the
Antarctic krill product the high-quality protein casein (P>
0.05), indicating that the proteins from the Antarctic phos-
phorus krill product does not affect the absorption and me-
tabolism of protein in rats, and its absorption and metabo-
lism in the body is similar to those of casein. Therefore,
these five types of Antarctic krill products can provide a ni-
trogen source for protein absorption and metabolism in rats,
and the hematopoietic ability is slightly better than that of
casein. Compared to casein, the proteins from the Antarc-
tic krill product did not adversely affect the liver function
of rats and significantly reduced the total cholesterol and
triglyceride contents in the rat serum.

The results of the liver and colon section analysis in rats
showed that the protein of Antarctic krill did not cause pa-
thological changes in rat tissues and organs, and could im-
prove liver steatosis and reduce lipid droplets in the liver.
In addition, the proteins from the Antarctic krill product in-
creased the rat villus length and increased the V/C value.
Among them, the V/C value of the KM group was the most
significant (P<0.01). Feeding these five Antarctic krill pro-
tein products can maintain the normal health of rats, and the
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effects are better than those of casein. Different protein pro-
ducts differed in their digestible amino acid profile, offer-
ing a range of amino acid patterns that can be used to for-
mulate specialized diets for which the digestible amino acid
content must match closely the requirement of the end user
(Cui et al., 2013; Bessada et al., 2019). Therefore, KM, KS,
OKP, SKP, and DKP prepared from the Antarctic krill could
be used as a potential novel protein resource in the food in-

dustry.

5 Conclusions

Five kinds of the Antarctic krill protein products (KM,
KS, OKP, DKP, SKP) were evaluated, while casein was em-
ployed as the control. The actual digestibility (TD) of these
five protein products were higher than that of casein (92.2%).
They significantly improve the net protein utilization (NRU).
The results of pathological analysis showed that krill pro-
ducts could improve the comprehensive function damage of
intestinal digestion, absorption and immune defense, and
maintain the healthy state of intestinal tract. Therefore, these
five Antarctic krill product can be used as potential new pro-
tein resources for the food industry.
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