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Three DPP-1V inhibitory peptides from Antarctic krill protein hydrolysate improve
glucose levels in the zebrafish model of diabetes
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Abstract

Ala-Pro (AP), Ile-Pro-Ala (IPA) and Ile-Pro-Ala-Val-Phe (IPAVF) as DPP-1V inhibitory peptides were purified from Antarctic
krill protein hydrolysate (AKH). Diabetic zebrafish model was rapidly induced with combination of high glucose immersing and
cholesterol diet for evaluation the three DPP-IV inhibitory peptides activity. Physiochemical indexes including DPP-IV activity,
glucose, triglyceride and cholesterol; the relative gene (insa, glucagon and pckl) expressions levels were detected. The results
showed that after 15 days of peptides treatment, the physiochemical index levels of peptide groups were significantly higher
than that of negative control and showed dose-dependent effect. The insa gene expression level would be increased with the
enhancement of peptide concentration, whereas gene expression levels of glucagon and pck1 would be decreased. These results
indicated that three peptides all had hypoglycemic effects in different degree. It suggested the potential of AKH containing

DPP-1V inhibitory peptides could be as functional food supplement to treat diabetes.

Keywords: DPP-IV inhibitory peptides; diabetic zebrafish; glycemic level; Antarctic krill hydrolysate.

Practical Application: Antarctic krill protein hydrolysate containing DPP-IV inhibitory peptides used as functional food

supplement to treat diabetes.

1 Introduction

Type 2 diabetes is a chronic metabolic disorder characterized
by high blood glucose due to insufficient insulin secretion
and insulin resistance. This disorder is widespread, severely
debilitating, and affects a large portion of the global population
(Thomas et al,, 2019). Treatments of Type 2 diabetes include
diet, exercise, and anti-diabetic medication (Jannoo etal., 2017).
Currently, its pathobiology is complex and poorly understood,
necessitating novel approaches to its therapy. Recent focus on
nutrition has shifted towards searching for novel therapies and
diets to treat and prevent metabolic disorders, including diabetes.
Antarctic krill (Euphausia superba) has 3-10 billion fishing tons
annual globally. It contains 11.9-15.4% proteins (Ji et al., 2017)
that include all essential amino acids, and is particularly enriched
in proline, methionine, leucine and lysine (Wang et al., 2015; Sun
& Mao, 2016). It’s also a good resource for extracting bio-active
peptides, such as DPP-IV inhibitor for diabetes, for nutritional
or medical purposes.

DPP-IV inhibitors are considered as an efficient pharmacotherapy
for managing type 2 diabetes (Lacroix & Li-Chan, 2016) by
protecting the activity of Glucagon like peptide-1 (GLP-1) and
glucose-dependent insulinotropic polypeptide (GIP) from being
cleaved by DPP-IV (Zhang et al., 2015). This, in turn, increases

insulin secretion by islet B-cells, and decreases glucagon secretion,
thereby decreasing blood glucose concentration (Yabe et al., 2015).
A recent study (Lacroix & Li-Chan, 2012) listed 34 dietary
proteins serving as precursors of DPP-IV inhibitors, containing
2-13 amino acids. Importantly, most of DPP-IV inhibitory
peptides contain proline and/or hydrophobic amino acids within
their sequence and varying effects (Minkiewicz et al., 2011;
Hatanaka et al., 2012). Therefore, Antarctic krill may be a likely
potential resource of DPP-IV inhibitory peptides.

To date, evaluation of DPP-IV inhibitory peptides in vivo has
been performed using animal experimental models, including
mice (Liu et al., 2009), rats, (Gongalves et al., 2014) dogs, monkeys
(Lee et al., 2008) and rabbits (Yamamoto et al., 2015). Although
mammals have a better similarity to humans, they also show
some experimental disadvantages, such as low throughput (Brito-
Casillas et al., 2016). Considering these limitations, fish as model
organisms are widely used for modeling human disease and drug
screening (Maher, 2009; Liang et al., 2013). Zebrafish (Danio rerio)
is alow-cost model animal with a rapid lifecycle, small size and
optical transparency (Stewart et al., 2014). Due to its high genic
similarity with humans (80-85%) and time/space-effective nature,
the zebrafish represents a unique and powerful animal model
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in biomedicine (Lawson & Weinstein, 2002). In addition, being
similar to mammals, zebrafish has pancreas with two types of
glandular tissues, which carry out essential physiological functions
(Tiso etal.,2009). Like humans, the regulation of zebrafish glucose
metabolism occurs through the secretion of insulin and glucagon
directly in the bloodstream (Wang et al., 2013). Zebrafish genes
coding insulin and glucagon, as well as other regulators of glucose
metabolism, are also similar to those encoding mammalian
metabolic proteins (Gleeson et al., 2007). To establish a diabetic
zebrafish model, a combined high-cholesterol diet and high-
glucose immersion method has been previously successfully
used (Wang et al., 2013). The aim of the present study is to set
up a diabetic zebrafish model and investigate putative glycemic
effects of three novel DPP-IV-inhibiting peptides isolated from
Antarctic krill protein hydrolysates.

2 Materials and methods

2.1 Materials and reagents

Antarctic krill biomass was obtained from China National
Fisheries Corporation (Beijing, China) with moisture 76.82%,
protein 16.80%, fat 2.05%, sugar 0.81% and ash 3.52%. The DPP-IV
inhibitor screening assay kit was purchased from Sigma Chemicals
Co. Ltd. (St. Louis, MO, USA). Animal proteolytic enzyme was
obtained from Pangbo Biological Engineering Co. Ltd. (Nanning,
Guangxi, China). The DPP-IV assay kit was purchased from
Enzo Life Sciences, Inc. (Famingdale, NY, USA). ELISA kits
of triglyceride, protein, and cholesterol were obtained from
Jiancheng Biological Engineering Research Institute (Nanjing,
Jiangsu, China). Animal tissue glucose reagent kit was obtained
from Keming Biological Engineering Co. Ltd. (Suzhou, Jiangsu,
China). Zebrafish flake was bought from Shanghai Polishing
Aquarium Supplies Co., Ltd. (Shanghai, China) and contained
40% protein, 7% fat, and 9% fiber. Cholesterol was purchased
from Aladding (Shanghai, China) and Invitrogen TRIzol from
Thermo Fisher Scientific Inc., (Shanghai, China). The assay kits of
Prime ScriptTM RT Master Mix (Code No.RR820A) and SYBER®
Premix Ex TaqTM II (Code No.RR036A) were the products of
TaKaRa (Takara Bio Inc., Beijing, China). The RT-PCR related
consumables were sterile and had no RNA enzymes (Corning,
Silicon Valley, CA, USA).

2.2 Determination of DPP-1V inhibitory activity in vitro

The DPP-IV inhibitory activity was measured according
to Matheeussen et al. (2012) with modifications. Briefly, each
sample was dissolved in the buffer, and 30 pL of sample solution,
10 uL of DPP-1V, inhibitor or 10 uL of solvent were added in
the plate wells. The reaction was initiated by adding 50 L of
diluted substrate solution to all wells. Plates were incubated
for 30 min at 37 °C with microplate reader (Varioskan Flash,
Thermo Fisher Scientific Co., NY, USA). The fluorescence was
measured microplate reader at the excitation 355 nm wavelength
and emission 460 nm wavelength. All the steps were performed
in dark environment. The inhibition activity was calculated
using the following equation: DPP-IV inhibition activity=[(A-
B)/B]x100%, where A is the negative group (solution without
adding DPP-IV inhibitors), B is the sample or positive group

(solution containing sample or DPP-IV inhibitor). The half-
maximal inhibitory concentration (IC, ) values were calculated
by plotting the logarithm of the concentration of the sample
(mg/mL) against the inhibitory activity (%).

2.3 Preparation of DPP-1V inhibitory peptides

Antarctic krill and distilled water were mixed for hydrolyze,
with animal proteolytic enzyme (230 U/g) at 45 °C for 3.8 h.
The suspension was centrifuged and collected for ultrafiltration.
4 fractions of different molecular were collected as follows:
MW>5000 kDa (AKH-1), MW=5000-3000 Da (AKH-2),
MW=3000-100 Da (AKH-3) and MW<100Da (AKH-4). With
the highest DPP-IV inhibitory activity fraction was purified using
Sephacryl S-100 column (1.6 cmx58 cm, 116 mL, General Electric
Company, Fairfield, Connecticut, USA) by protein purification
system (AKTA purifier 100, General Electric Company) for
further purification. Fractions with the highest levels of DPP-IV
inhibitory activity was further purified by 1200 semi-preparation
RP-HPLC (Agilent Technologies Inc., Guangzhou, China) ona
C18 column (5 um, 4.6x250 mm, Waters, Milford, MA, USA).
The purified peptides were analyzed by QTOF mass spectrometer.
Peptides identified were prepared by 1200 semi-preparation RP-
HPLC on a YMC-Pack Pro C18 column (5 pm, 10.0x250 mm,
Waters, Milford, MA, USA), eluted by methanol and water (5:95)
at 214 nm absorbance for evaluation of the hypoglycemic effect
of diabetic zebrafish (Ji et al., 2017).

2.4 Establishment of diabetic zebrafish model

A total of 350 adult short-fin outbred wild type zebrafish of
both sexes were acclimated for at least 5 days prior to testing.
The zebrafish were housed in groups of 40 in a 30 L plastic tanks
at 26x2 °C) under constant water filtration and aeration (7.20 mg
O,/L). Fish were maintained under the 14 h/10 h day/night
photoperiod cycle and fed twice a day with commercial flakes.
According to Capiotti et al. (2014) with modifications, experimental
zebrafish were immersed in 20 g/L glucose solution and fed
with 0.003 g flakes containing 10% cholesterol, twice a day, for
20 days. The cholesterol diet was commercial flakes containing
10% (W/W) cholesterol after ether evaporation, and 0.003 g was
fed to each zebrafish twice a day.

2.5 Treatment with DPP-1V inhibitory peptides

Thirty zebrafish of each experimental group were immersed
in three different concentrations of each peptide solution (39.06,
78.12 and 156.25 mg/L) with filtration for 5 min at 9.00 a.m
daily, for 15 days. The high concentration value was determined
experimentally and selected as the highest level that gave no abnormal
side-effects, such as eye redness and swelling after immersing in
peptide solution for 15 min. The selection of the middle and low
concentrations was based on the selected high concentration.

2.6 Assay for physicochemical indices

Wild type larvae zebrafish (AB) of each experimental group
were euthanized by ice and washed twice in double distilled
water. The body parts were pooled and homogenized with a
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high-speed homogenizer. The protein concentrations in the
homogenates were determined using BCA (bicinchoninic acid)
assay kits. The levels of glucose, cholesterol and triglycerides
in the homogenates were detected by the spectrophotometer
methods, according to the reagent kit instructions, and the
results were standardized by total protein levels.

2.7 Gene expression analysis by quantitative real time PCR

Ten euthanized zebrafish were homogenized with the Trizol.
The total RNA was isolated from the homogenized tissues
according to the manufacturer’s instructions. Thereafter, the
isolated RNA was reversely transcribed by Prime ScriptTM
RT Master Mix and cDNA was stored 4 oC. For fluorescent
detection of PCR products, reactions containing template and
specific primers (Table 1) were amplified with SYBER® Premix
Ex TaqTM II. The PCR cycling conditions were as follows: an
initial denaturation step for 5 min at 95 °C, 39 cycles of 10 s
at 95 °C for denaturation and 30 s at 60 °C for annealing and
extension, followed by 10 s at 95 °C for dissociation. At the end
of the cycling protocol, a melting-curve analysis was included
and fluorescence was measured from 65 °C to 95 °C. Relative
expression levels were calculated by the CT method (Schmittgen
& Livak, 2008).

2.8 Statistical analysis

Data were expressed as means + standard deviations from
triplicate measurements for each sample (n=3). The statistical
analysis was performed SPSS 10.0 software (SPSS Inc., Chicago,
IL, USA) using by the Tukey test for multiple comparison.
The significant difference was established at P < 0.05.

3 Results and Discussion

3.1 Establishing the diabetic zebrafish model

Compared with traditional experiment animals, the amount
of tested sample in zebrafish experiment was needed less, largely
reducing the cost. Besides, adult zebrafish easily absorb molecules
from water, due to an ability to regulate their internal water and
total solute concentrations (Sun et al., 2019). In zebrafish, the
glucose absorption/uptake occurs through a glucose transporter,
called GLUT, expressed in the gills (GLUT 1-3, 6, 8, and
10-13) and intestine (GLUT 5 and 9) (Papasani et al., 2004).
Excess glucose in aquatic environment in zebrafish induces
symptoms related to the pathophysiology of diabetes, supporting
the utility of glucose/cholesterol exposure to induce hyperglycemic
diabetic-like states (Gleeson et al., 2007). To valid the evoked
effects further, physiochemical parameters were also assessed

Table 1. Primers for RT-qPCR.

here, including DPP-IV activity, triglyceride, cholesterol levels
and the expression of insulin-related genes insa, glucagon
and pckl. Since DPP-IV inhibitors block the DPP-IV enzymes
and prevent them from maintaining normal blood glucose levels,
monitoring the DPP-IV activity reflects the extending of DPP-
IV inhibition (Juillerat-Jeanneret, 2014). Other physiochemical
parameters, such as glucose, triglyceride and cholesterol, may
fluctuate with glycemic change (Wang et al., 2013). Insulin and
glucagon hormones modulate the blood glucose in humans
(James et al., 2017). In zebrafish, there are two subtypes of insulin
genes, insa and insb (Tulipano et al., 2011) The insa functions
generally resemble those of its mammalian homologue, playing a
role in glucose regulation, whereas insb is believed to play a more
important role in zebrafish development. Glucagon elevates the
cAMP levels by activating adenylate cyclase, which indirectly
increases the expression of phosphoenolpyruvate carboxykinase
(PEPCK) (Montal et al., 2015). PEPCK has two forms, pckl
in the cytoplasm, and pck2 in the mitochondria (Juillerat-
Jeanneret 2014). Since PEPCK catalyzes the rate-controlling
step of gluconeogenesis, the process by which cells synthesize
glucose from metabolic precursors, the blood glucose level is
maintained within well-defined physiological limits partly as
a result of the precise regulation of PEPCK gene expression
(Elo et al., 2007). Previous studies demonstrated PEPCK as
a good indicator of blood glucose levels (Chiu et al., 2018).
Adult zebrafish respond to anti-diabetic drugs (cAMP-DEX,
metformin, and rosiglitazone) similarly to mammalian models,
by reducing blood glucose levels and showing increased insulin
and decreased glucagon and PEPCK levels. The zebrafish pckl
exhibits similar regulation patterns and activity to its mammalian
counterpart (Elo et al., 2007). Glycemic levels in diabetic zebrafish
could be controlled efficiently through the evaluation of these
parameters. Previous research has shown that chronic 2-week
111-mm glucose exposure induces overt hyperglycemia in
zebrafish model (Capiotti et al., 2014). Revealing the stability
of the model after withdrawal from glucose, the diabetic-like
state was maintained for 20 days, i.e., 6 days longer than the
hyperglycemia zebrafish model (Capiotti et al., 2014).

In the diabetes zebrafish model here, physicochemical
indices related to glycemic levels, such as glucose, triglyceride
and cholesterol, were predictably increased after this treatment
(Figure 1). This was generally consistent with earlier reports
(Wangetal., 2013) that blood glucose, triglyceride, and cholesterol
parameters increased several folds in the treatment group,
confirming the validity of the evoked diabetic model in zebrafish
used here. Interestingly, this result was similar with that observed
in the experimental diabetic rat model (Huang et al., 2014).

Gene Forward Primer Reverse Primer
B-actin CATCAGGGTGTCATGGTTGGT TCTCTTGCTCTGAGCCTCATCA
Insa GAGCCCCTTCTGGGTTTCC AAGTCAGCCACCTCAGTTTCCT
Glucagon AAGCGAGGAGACGATCCAAA TCCAACACACACCAGCAAATG
Pckl AGAGCCATCAACCCAGAGAA CCACGTTGGTGAAGAGTGTG

Note: $-actin, insa and glucagon genes were cited from Wang et al. (2013). pckI gene was designed by Sangon Biotech (Shanghai) Co., Ltd. (China).
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In order to evaluate the effects on glycemic hormones,
the gene expression of insa, glucagon and pckl was examined.
Compared to the control treatment-free group, the expression
of insa gene was reduced by half, whereas the relative expression
of glucagon and pckl genes was 5-6 times lower vs. controls
(Figure 2). A recent study (Matheeussen et al., 2012) used
111 mm glucose solution expose for 2 weeks to induce zebrafish
diabetes in-vivo, showing that the eye glycosylated protein rose,
and insulin mRNA level declined vs. the treatment-free controls.
Following the removal from glucose solution, zebrafish glucose
levels were also higher than the control group, further confirming
the use of glucose immersion with high-cholesterol diet here as
a method for zebrafish diabetes modeling.

3.2 Physicochemical indexes of three peptides lowering
blood glucose

Three DPP-IV inhibitory peptides, AP, IPA and IPAVF
were identified and prepared. In order to evaluate hypoglycemic
effects of them, diabetic zebrafish were immersed daily in three
different concentrations (39.06, 78.12 and 156.25 mg/L) of each
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Figure 1. Physicochemical indices of diabetic zebrafish model (Control
group: zebrafish immersed in water with normal diet for 20 days.
Experimental group: zebrafish immersed in 20 g/L glucose solution
and fed with flakes containing 10% cholesterol diet for 20 days.)
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Figure 2. Relative gene expression in zebrafish diabetes model.

peptide for 5 min for 15 days. Physicochemical indices assessed
here included the DPP-IV activity, total glucose, triglyceride,
and cholesterol in the whole body, measured using the respective
reagent Kits.

As shown in Figure 3, compared to negative control
group, the activity of three DPP-IV inhibitory peptides in the
experimental group were decreased, depending on the peptide
type and concentration. All medium and high concentration
groups significantly differed from the negative control group
(Figure 3). Compared to the positive group, the high concentration
group of IPA had no significant differences, indicating that IPA
has a better inhibitory effect in this model. The glucose level
measured reflects the glycemic level directly, whereas the levels
of triglyceride and cholesterol reveal hypoglycemic function
from side reactions. Figure 4 showed that relative to the negative
control, the three physiochemical indices for all peptide groups
were decreased in a dose-dependent manner, with IPA being
the most potent inhibitor.

3.3 Gene expressions levels of three peptides lowering
blood glucose

insa gene expression level reflects the insulin level in animals.
As shown in Figure 5, insa gene expression levels in diabetic
zebrafish from all three peptides groups were higher than in
negative control. For each peptide, the insa gene expression
levels in diabetic zebrafish positively correlated with peptide
concentration. The three DPP-IV inhibitory peptides tested here
promoted the insa gene expression in diabetic zebrafish and
accelerated the secretion of insulin, which suggests that they
may improve glycemic levels. Glucagon and insulin are mutually
antagonistic hormones. The similarity between the mammalian
and zebrafish PEPCK promoters (Wang et al., 2013) suggests
that the zebrafish PEPCK promoter contains the regulatory
elements necessary for proper tissue-specific expression, as
well as the expression in response to glucagon, glucocorticoids,
and insulin (Elo et al., 2007). As shown in Figure 5, compared
to negative control, glucagon and pckl gene expression for
all peptide groups was decreased to different degrees, but
remained higher than in the positive control group. Decreasing
glucagon and pckl expression levels depended on peptide
concentrations used: the higher the peptide concentration
corresponds to the lower gene expression. Of the three peptides
tested, IPA showed the stronger inhibition of glucagon and
pckl gene expression, and the group treated with the highest
concentration of IPA showed the lowest glucagon and pckl
expression. In conclusion, IPA showed overt hypoglycemic
effect, which coincided with the lowest IC,  value of DPP-IV
inhibitory activity.

4 Conclusions

The combination of high-cholesterol diet and glucose
exposure rapidly induced the onset of diabetic-like states in
zebrafish, emerging as valuable and useful model for screening
anti-diabetic components, including DPP-1V inhibitors. The three
DPP-1V inhibitory peptides, AP, IPA and IPAVFE, purified from
Antarctic krill protein hydrolysate, exhibited robust hypoglycemic
effect, thus demonstrating the potential for Antarctic krill

Food Sci. Technol, Campinas, v42, 58920, 2022



Original Article

Jietal.

DPP-IV activity

Figure 3. DPP-1V activity determination of diabetic zebrafish treated with DPP-IV inhibitory peptides after 15 days (A:AP; B:IPA; C:IPAVE;
1:negative control; 2:positive control:130.7 mg/L Sitagliptin; 3:39.06 mg/L; 4:78.12 mg/L; 5:156.25 mg/L) The same corner mark of alphabets
represented the same comparable group. Letters denote significant differences, P<0.05.
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protein hydrolysate (containing DPP-IV inhibitory peptides)
as a functional food or food supplement for management of
type 2 diabetes.
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