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Abstract

There is increasing interest in dietary protein for management of Type 2 diabetes mellitus (T2DM) and obesity.
The effects of twice-daily oral administration of a salmon skin gelatin hydrolysate (SSGH, 50 mg/kg), boarfish
protein hydrolysate (BPH, (50 mg/kg), metformin (200 mg/kg), or saline control, were investigated in ob/ob mice.
Non-fasting blood glucose was significantly reduced with SSGH (p < 0.01), BPH (p < 0.001) and metformin (p <
0.001), which were reflected in reductions in glycated haemoglobin (HbA, ) (p < 0.001, p < 0.01 and p < 0.01,
respectively). Responses to oral and intraperitoneal glucose tolerance were improved (p < 0.05-0.01), as well as
circulating plasma lipid profiles (p < 0.05—-0.001). Chronic BPH treatment increased circulating plasma insulin (p <
0.01), whereas SSGH improved insulin sensitivity (p < 0.05), versus respective controls. All treatments significantly
reduced energy intake (p < 0.05-0.001) versus (ob/ob) controls, without affecting overall bodyweight. These find-
ings suggest that fish hydrolysates mediate potent anti-diabetic actions similar to metformin and might be suit-
able for the management and prevention of T2DM.
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1. Introduction est in alternative approaches for favourably modulating glycaemic
control and appetite, to reduce the incidence of obesity and the

associated risk of developing T2DM. Dietary protein and enzy-

The global incidence of type 2 diabetes mellitus (T2DM) and
obesity continue to increase exponentially. Despite substantial ef-
forts to promote a clear public health message targeted at dietary/
lifestyle interventions in the early stages of the treatment of these
metabolic diseases, preventative strategies often remain ineffec-
tive (Cho et al., 2018; Kalra et al., 2021). There is increasing inter-

matic hydrolysates isolated from food-derived proteins including
fish sources have been reported to modulate glycaemic control and
exert satiating activities (Rivero-Pino et al., 2020; Sharkey et al.,
2021). This led to emerging interest in the development of protein/
peptide based functional food ingredients to beneficially modulate
glycaemic control and excessive weight gain and reduce the risk
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of metabolic dysregulation associated with T2DM and obesity.
Proteins/peptides have been shown to stimulate incretin hormones
such as GLP-1 and GIP in the gut and inhibit DPP-4 mediated
incretin hormone degradation, all of which help facilitate and en-
hance post-prandial insulin response and improved glycaemic con-
trol (Cudennec et al., 2012; Harnedy et al., 2018a; Harnedy et al.,
2018b; Harnedy et al., 2017; Parthsarathy et al., 2018).

The bioactivity of protein/peptides components is heavily de-
pendent on the nature and structure of the intact protein. For ex-
ample, collagen hydrolysates have been found to produce a more
reliable anti-diabetic activity compared to muscle hydrolysates due
to repetitive proline-rich sequences within collagen. The latter is
thought to be an important characteristic for the inhibition of the
ubiquitous serine N-terminal dipeptidase dipeptidyl peptidase-4
(DPP-4) responsible for the inactivation of these beneficial incre-
tin hormones GLP-1 and GIP (Drummond et al., 2018; Nongoni-
erma and FitzGerald, 2019; Zhu et al., 2010).

One of the primary motivations for utilisation of marine pro-
tein, is an increasing desire for a sustainably sourced high-quality
protein to meet a growing population and increasing global de-
mand. The fishing industry is under increasing strain from over-
fishing and the demand for eco-friendly disposal of waste (Le Pape
et al., 2017). Despite advances in fish processing and distribution
practices, reports indicate that the seafood industry worldwide
generated 19.7 million tonnes of fish processing by-products,
alongside non-target low value landed fish in 2016 (FAO, 2020).
Therefore, focus has shifted to utilisation of fish processing by-
products to minimise food wastage and the use of less common
marine protein sources to alleviate pressure on more commonly
sought-after sources (Harnedy-Rothwell et al., 2021b). In general,
fish and shellfish processing by-products are utilised as low-value
animal and farmed fish/shellfish feed, pet food, fertilizer, and as
a source for energy generation and fish oil (FAO, 2020; Vilimaa
et al., 2019). However, high-quality dietary protein derived from
by-products of popular fish stocks or underutilised sources, could
provide much-needed relief for endangered species, while also im-
proving the dietary quality of the global population.

Salmon protein hydrolysates have previously exhibited effec-
tive anti-diabetic potential both in vitro and in vivo. Salmon skin
gelatin and muscle protein hydrolysates were found to have in vitro
DPP-4 inhibitory activity by Li-Chan et al., (2012), and these ef-
fects were corroborated by Neves and colleagues, who found simi-
lar effects with Atlantic salmon hydrolysates (Harnedy et al., 2017;
Neves et al., 2017a; Neves et al., 2017b). Furthermore, peptide
fractions of salmon protein hydrolysates promoted insulin-depend-
ent glucose uptake in L6 myocytes (Roblet et al., 2016). Our own
studies have previously shown that salmon skin gelatin and protein
hydrolysates generated with Alcalase® 2.4L and Flavourzyme®
500L potently stimulates insulin secretion from pancreatic f3-cells
(with associated increases in intracellular calcium and changes in
membrane potential, downstream signalling markers of stimula-
tion), as well as stimulating GLP-1 secretion from GLUTag cells
(Harnedy et al., 2018a). In in vivo studies, incorporation of salmon
protein hydrolysate, when incorporated into a high-sugar, high-fat
diet, led to improved insulin sensitivity and glucose tolerance (Pi-
lon et al., 2011). Peptides derived from salmon skin gelatin hydro-
lysates have also been shown to reduce blood glucose in diabetic
rats through GLP-1 stimulation and a reduction in islet cell apopto-
sis (Hsieh et al., 2015; Zhu et al., 2010; Zhu et al., 2017).

While boarfish has been investigated considerably less, our pre-
vious in vitro research showed that boarfish protein hydrolysates
(BPH) potently stimulates insulin secretion from pancreatic 3-cells
(increasing intracellular calcium and membrane potential). In ad-
dition, BPH promotes GLP-1 release from GLUTag cells, glucose

uptake in differentiated 3T3-L1 mouse fibroblasts (which display
adipocyte characteristics) and inhibits DPP-4 activity (IC, 1.18
mg/mL, Parthsarathy et al., 2018). Furthermore, peptides iden-
tified from BPH were found to exert both insulin-secretory and
DPP-4 inhibitory activities, indicating that these peptides could
be exerting anti-diabetic activity through multiple mechanisms
(Harnedy-Rothwell et al., 2020). Interestingly, the most success-
ful hydrolysates in vitro in our research were both generated using
Alcalase® 2.4L and Flavourzyme® 500L. As found in the molecu-
lar mass distribution, the vast majority of peptides in these hydro-
lysates had a Mw of <1 kDa. This agrees with the suggestion that
small molecular weight peptides (SMWP’s) produce more potent
bioactivity, and when reassessed after simulated gastrointestinal
digestion (SGID), there was little change in bioactivity. Addition-
ally, when subjected to thermal stress as part of incorporation into
a food product (90°C for 1 min, 121°C for 42 s), there was no
effect on in vitro DPP-4 activity of the BPH, and no increase in
susceptibility to SGID (Harnedy-Rothwell et al., 2021a).

Thus, the aim of the present study was to determine the effect of
both the salmon skin gelatin hydrolysate and boarfish protein hy-
drolysate generated with Alcalase® 2.4L and Flavourzyme® S00L,
which showed promising anti-diabetic activity in vitro, in a relevant
genetic (ob/ob) mouse model of obesity-diabetes. Specifically, the
aim was to determine if these fish hydrolysates retained bioactivity
in the GIT and exerted a measurable benefit in diabetes and obe-
sity parameters, such as blood glucose, bodyweight, energy intake,
HbA,, plasma insulin, plasma GLP-1 and insulin sensitivity.

2. Materials and methods
2.1. Materials and chemicals

Samples of Atlantic salmon (Salmo salar) skin was kindly pro-
vided by The Good Fish Processing Company Ltd., Carrigaline,
Co. Cork, Ireland and minced deboned boarfish were kindly
provided by Killybegs Fishermen’s Organisation, Killybegs, Co.
Donegal, Ireland on behalf of Bord lascaigh Mhara (BIM). D-
glucose and sodium chloride (NaCl) were purchased from BDH
Chemicals Ltd. (Poole, Dorset, UK). Alcalase® 2.4L and Flavour-
zyme® 500L, insulin from bovine pancreas (16634) and di-methyl
biguanide hydrochloride (metformin) (D150959) were obtained
from Sigma Aldrich (Poole, Dorset, UK). Other consumables (sy-
ringes, needles, etc.) were obtained from Becton Dickinson (Plym-
outh, Devon, UK).

2.2. Generation of salmon skin gelatin (SSGH) and boarfish
protein (BPH) hydrolysates by enzymatic hydrolysis.

Salmon skin gelatin was extracted using an optimised protocol
as described by Harnedy et al., (2018a). In brief, residual salmon
meat was removed from the skin by stirring in 0.2 M NaOH (1:5,
w:v) at room temperature for 15 min. This process was repeated
three times and the skin was then washed with distilled water, un-
til a neutral pH was reached, the skin was retained by filtration
through a double layer of cheesecloth between each treatment. The
collagen in the skin was converted to gelatin during 1 h stirring at
room temperature following its adjustment to pH 3.0 using 1.0M
HCIL. The skin was brought back to neutral pH by soaking the skin
for 15 min in distilled water (1:5 (w/v)) with separation between
each wash (x3) as described above. The gelatin in the swollen skin
was then extracted in distilled water (1:5, w:v) during heating at
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50°C for 16 h. The gelatin-containing supernatant was retained,
freeze-dried (FreeZone 18L, Labconco, Kansas City, MO, USA)
and stored at —20°C until required.

Salmon skin gelatin and boarfish protein hydrolysates were
prepared using the optimised hydrolysis protocols described pre-
viously by Harnedy et al. (2018a) and Parthsarathy et al. (2018),
respectively. Briefly, 7% (w/v (dry weight)) gelatin solution and
6.83% (w/v) homogenised boarfish protein solution (prepared by
homogenised (x4) of minced boarfish meat in distilled water at
24,000 rpm/min for 15 sec) was preheated to 50°C and adjusted to
pH 7.0 and sequentially hydrolysed (over 4h) with Alcalase 2.4L
and Flavourzyme 500L at an enzyme:substrate (E:S) ratio of 0.74%
(v/w) for salmon skin gelatin and 0.67% (v/w) for the boarfish pro-
tein suspension. The enzymes were inactivated by heating at 90°C
for 20 min. The boarfish derived peptides were then separated by
double filtration (Whatman grade 1: 11 pum). Both hydrolysates
were freeze-dried (Labconco) and stored at —20°C until required.

2.3. Experimental animals

All animal experiments were carried out in accordance with the
UK Animals (Scientific Procedures) Act 1986 and EU Directive
2010/63EU for animal experiments and approved by Ulster Uni-
versity Animal Welfare and Ethical Review Board. All necessary
steps were taken to prevent any potential animal suffering. B6.V-
Lep°P/OlaHsd mice (Envigo Ltd, Blackthorne UK) were individu-
ally housed in an air-conditioned room (22 + 2°C) and on a 12
h light:dark cycle (08:00-20:00). Drinking water and standard
rodent diet (10% fat, 30% protein, 60% carbohydrate; percent of
total energy 12.99 kJ/g, Trouw Nutrition, Cheshire, UK) were pro-
vided ad libitum. Another group of age matched C57BL6/JOlaHsd
mice were maintained on a standard rodent diet (as above) to act
as healthy controls. The obese diabetic (0b/0ob) mouse is a well-es-
tablished genetically induced model of diabetes and obesity which
has been described previously (Nilsson et al., 2012).

2.4. Chronic treatment & study design

Prior to experimentation, animals were assigned to groups based
on their non-fasting blood glucose and bodyweight. Following
grouping (n = 8), animals were acclimated to treatment by oral
gavage with saline (0.9% NaCl) twice daily (09:00 and 17:00) for
6 days, prior to beginning the intervention. On Day 0, mice re-
ceived treatment with one of the following; saline vehicle (0.9%
NacCl), salmon skin gelatin hydrolysate (SSGH) (50 mg/kg body-
weight), boarfish protein hydrolysate (BPH) (50 mg/kg body-
weight), or metformin (200 mg/kg bodyweight). All treatments
were delivered twice-daily orally (09:00 and 17:00) for 27 days
in saline solution in a volume of 5 ml/kg bodyweight. Non-fasting
blood glucose, bodyweight, plasma insulin and food intake were
monitored at 3-day intervals. Blood samples were collected from
the cut tip of the tail vein into chilled heparin/fluoride-coated mi-
crocentrifuge tubes (Sarstedt, Nliimbrecht, Germany) and immedi-
ately centrifuged (13,000 rpm x 10 min). The resulting plasma was
then aliquoted and stored at —20°C for further analysis.

2.5. Terminal analyses

Glycated haemoglobin (HbA, ) was measured using AlcNow kits
(BHR, Nuneaton, UK) and all procedures were carried out accord-
ing to manufacturer’s instructions. Both oral and intraperitoneal

(i.p.) glucose tolerance tests were performed in fasted mice. Mice
were fasted overnight (minimum 12 h). Whole blood glucose was
measured via the cut tip of the tail vein using the handheld Ascen-
cia Contour blood glucose meter (Ascencia, Berkshire, UK), prior
to glucose administration (0 min), and then 15, 30, 60, 90 and 120
min after glucose load (18.8 mmol/kg bodyweight). As described in
Section 2.4, whole blood was collected into chilled heparin/fluoride-
coated microcentrifuge tubes for plasma hormone analysis. Mice
were rested for several days to allow a washout period between oral
and i.p. glucose tolerance tests. Plasma insulin was measured using
an in-house radioimmunoassay (Flatt and Bailey, 1981).

Insulin sensitivity was assessed by fasting the mice overnight
and measuring whole blood glucose immediately prior, and 30 and
60 min following i.p. injection of bovine insulin (50 U/kg body-
weight). Lean saline controls were exempt from insulin sensitivity
testing due to increased risk of hypoglycaemia in these animals.

For terminal blood collection, mice were placed under terminal
anaesthesia and cardiac puncture was performed. This whole blood
was aliquoted into chilled heparin/fluoride-coated microcentrifuge
tubes and centrifuged (13,000 rpm x 10 min).

Terminal plasma lipid analysis was carried out using the ILab
650 chemistry analyser (Diamond, MA, USA). Terminal plasma
total GLP-1 was measured using a Millipore total plasma GLP-
1 ELISA kit (EZGLP1T-36K; Livingston, UK) according to the
manufacturer’s instructions.

2.6. Statistical analysis

All statistical analysis was carried out using Prism (v5.0, Graph-
Pad Software Inc. CA, USA) and expressed as mean + S.E.M.
Two-way or one-way Analysis of Variance (ANOVA) was used
where appropriate, followed by the Student-Newman-Keuls or
Bonferroni’s post-hoc test, respectively. p < 0.05 was considered
to indicate statistical significance.

3. Results

3.1. Effects of BPH and SSGH on bodyweight, energy intake and
metabolic markers

Chronic oral administration over 27 days of either fish hydrolysate
or metformin failed to have a significant effect on bodyweight in
this obese diabetic (0b/ob) mouse model (Figure 1a, b). However,
by day 27 there was a significant reduction in cumulative energy
intake of 16% following BPH, 11% with SSGH and 18% with
metformin (p < 0.001) versus the (ob/ob) saline controls (Figure
1¢). Administration of SSGH (but not BPH) caused a significant
increase (39%, p < 0.001) in terminal plasma total GLP-1, whilst
metformin caused a 25% reduction (p < 0.001) versus (ob/ob) sa-
line controls (Figure 1d).

3.2. Effects of BPH and SSGH on non-fasting blood glucose and
insulin

As shown in Figure 2a and b a significant reduction in non-fasting
blood glucose was induced by BPH (37%; p <0.001), SSGH (33%;
p <0.01), and metformin (38%; p < 0.001). This was reflected by
a trend towards an increase in plasma insulin concentration in each
experimental group, which only reached significance (78% higher)
in the BPH treated group (Figure 2c, d; p < 0.01).
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Figure 1. The effect of fish hydrolysate treatment on (a) bodyweight, (b) weight change, (c) energy intake and (d) plasma total GLP-1. Mice were treated
with hydrolysate (50 mg/kg bodyweight), saline, or metformin (200 mg/kg bodyweight) twice daily for 27 days. Values represent mean + S.E.M. (n = 8).
*p <0.05, **p < 0.01, ***p < 0.001 versus (ob/ob) saline control. BPH: boarfish protein hydrolysate; SSGH: salmon skin gelatin hydrolysate; kJ: kilojoules.
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Figure 2. The effect of fish hydrolysate treatment on (a) blood glucose and (c) plasma insulin, with (b, d) respective calculated area under the curve
values. Mice were treated with hydrolysate (50 mg/kg bodyweight), saline, or metformin (200 mg/kg bodyweight) twice daily for 27 days. Values represent
mean +S.E.M. (n=8). **p < 0.01, ***p < 0.001 versus (ob/ob) saline control. %p < 0.05, ®p < 0.01, ¥ < 0.001 versus metformin. 2p < 0.05, 22p < 0.01, 288p
< 0.001 versus SSGH. ¢p < 0.05, $%p < 0.01, $¢%p < 0.001 versus BPH. BPH: boarfish protein hydrolysate; SSGH: salmon skin gelatin hydrolysate.
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Figure 3. The effect of fish hydrolysate treatment on postprandial glucose control following (a) orogastric and (c) intraperitoneal glucose administration,
with (b, d) respective calculated area under the curve. Mice were treated with hydrolysate (50 mg/kg bodyweight), saline, or metformin (200 mg/kg body-
weight) twice daily for 27 days, with glucose tolerance testing performed thereafter. Values represent mean = S.E.M. (n = 8). *p < 0.05, **p < 0.01, ***p <
0.001 versus (ob/ob) saline control. BPH: boarfish protein hydrolysate; SSGH: salmon skin gelatin hydrolysate.

3.3. Effects of BPH and SSGH on glucose tolerance, insulin sen-
sitivity and HbA

Glucose tolerance was significantly improved after an OGTT with
SSGH (AUC 38% reduction; p < 0.001) and metformin (30%;
p < 0.05), but not with BPH (21%) (Figure 3a, b). Despite this,
BPH (26%; p < 0.05) and metformin (25%; p < 0.05) caused a
significant improvement in i.p. glucose tolerance (Figure 3c, d).
Although SSGH and metformin caused a 13% and 19% reduction
in blood glucose, respectively this failed to reach statistical signifi-
cance (Figure 3c, d).

No change in whole body insulin sensitivity was found fol-
lowing the treatment interventions, except for the SSGH, which
moderately improved insulin sensitivity versus the saline-treated
(ob/ob) controls (Figure 4a) but failed to reach significance. As
shown in Figure 4b, treatment with BPH resulted in a significant
reduction in basal fasting blood glucose (43%; p < 0.05), but
SSGH and metformin treatment groups failed to show a significant
reduction (Figure 4b). All treatment groups displayed a significant
reduction in glycated haemoglobin (HbA, ) with BPH, SSGH and
metformin showing reductions of 32% (p <0.001), 26% (p < 0.01),
and 25% (p < 0.01), compared to saline treated (ob/ob) controls,
respectively (Figure 4c).

3.4. Effect of BPH and SSGH on terminal plasma lipid profiles

Plasma total cholesterol was significantly reduced following 27

day treatment with SSGH (13%; p < 0.05) and metformin (15%;
p < 0.01), whereas this parameter was lower in BPH (13%), but
in the latter case this failed to reach significance (Figure 5a). As
shown in Figure 5b, there was a significant reduction in plasma
low-density lipoprotein (LDL) concentrations by 60% with BPH
(p <0.001), 40% with SSGH (p <0.001) and 63% with metformin
(p <0.001). Concurrently, there was no significant change in plas-
ma high-density lipoprotein (HDL) concentrations among any of
the treatment groups (Figure 5c). Finally, plasma triglyceride (TG)
concentrations were reduced in all treatment groups, with a reduc-
tion by BPH (30%; p < 0.05), with SSGH (38%; p < 0.01) and by
metformin (40%; p < 0.001) (Figure 5d).

4. Discussion

The results of this study showed that oral administration of both
BPH and/or SSGH twice-daily for 27 consecutive days resulted
in a significant reduction in HbA, , either i.p. or oral glucose tol-
erance, non-fasting blood glucose, with a corresponding increase
in plasma insulin concentration. This was accompanied with no
significant change in bodyweight but a reduction in energy intake
over the study duration, indicating that the antidiabetic effects were
unlikely to be completely dependent on the alleviation of obesity.
Broadly speaking, similar antidiabetic effects were observed with
both BPH and SSGH administration. Both BPH and SSGH had
comparable reductions in non-fasting blood glucose, however,
non-fasting plasma insulin was more elevated by BPH treatment,
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Figure 4. The effect of fish hydrolysate treatment on (a) insulin sensitivity and (b) integrated area under the curve (AUC), (c) fasting blood glucose and
(d) glycated haemoglobin (HbA, ). Mice were treated with hydrolysate (50 mg/kg bodyweight), saline, or metformin (200 mg/kg bodyweight) for 27 days.
Insulin sensitivity was assessed following i.p. administration of bovine insulin (50 U/kg/BW; A). Fasting glucose and glycated haemoglobin were assessed
following extraction of terminal whole blood samples (c, d)Values represent mean + S.E.M. (n = 8). *p < 0.05, **p < 0.01, ***p < 0.001 versus (ob/ob) saline
control. BPH: boarfish protein hydrolysate; SSGH: salmon skin gelatin hydrolysate.

indicating SSGH might have increased alternative insulin inde-
pendent antidiabetic effects, potentially through increased insulin
re-sensitisation in skeletal muscle, adipose tissue, or liver (Dimi-
triadis et al., 2011). This point was corroborated by the improved
terminal insulin sensitivity observed with SSGH (Figure 4a).

One of the clinical tests used for determination of T2DM pro-
gression is a glucose tolerance test (GTT). Glucose intolerance is a
characteristic of T2DM and is often coupled with insulin resistance
and impaired fasting glucose (Chatterjee et al., 2017). Both oral
and i.p. glucose tolerance tests (GTT) were assessed herein. SSGH
but not BPH caused a significant overall reduction in oral glucose
excursion (Figure 3b). Interestingly, this action was reversed when
BPH and not SSGH caused a significant reduction in i.p. glucose
tolerance (Figure 3d). An intriguing characteristic observed in both
oral and i.p. glucose tolerance was that BPH exhibited significant
glucose clearance by 90 min. This anti-hyperglycaemic effect
probably reflects the more potent insulinotropic response observed
by BPH in Figure 2¢ and d compared to SSGH. Furthermore, ani-
mal stress is likely to be higher during an i.p. glucose tolerance
test, as raised corticosterone levels were observed by Pilon and
co-workers (Pilon et al., 2018) and (0b/0b) mice are known to have
raised corticosterone secretion, impacting upon glucose uptake
(Lindstrom, 2007). This corroborates evidence from within our
group of the beneficial effect of BPH (Parthsarathy et al., 2018)
and SSGH (Figure s1) on glycaemic control in healthy animals.
Interestingly, SSGH was the only treatment to induce a noticeable

improvement in insulin sensitivity (Figure 4a) however, this failed
to reach significance. As the hyperinsulinaemia was clearly not al-
leviated by SSGH treatment in the (0b/ob) mice (Figure 2d), this
data would suggest that this effect is due to improved insulin sen-
sitivity rather than increased insulin clearance (Valera Mora et al.,
2003). The exact mechanisms behind this improvement in insulin
sensitivity were not investigated. However, we could speculate
that this could potentially result from improved insulin receptor
protein (IRS) function due to reduced plasma lipids (Figure 5), an
anti-inflammatory response suppressing the release of TNF-a, or
secretion of adiponectin resulting in inhibition of hepatic glucose
release and enhancement of glucose uptake in muscle and adipose
(Saini, 2010). It is known that GLP-1 promotes anti-inflammatory
effects in immune cells including suppression of TNFa as indi-
cated in previous studies (Hahm et al. 2008; Yoon et al. 2020).
Thus, anything that could enhance GLP-1 actions including the
inhibition of DPP-4, such as evidenced here by SSGH, could there-
fore have an indirect action by suppressing TNFa and reducing
inflammation through promoting GLP-1 receptor activation. The
insulinotropic actions of BPH here could also assist in promoting
antidiabetic actions by promoting insulin release, which is com-
promised in the ob/ob mouse model of Type 2 diabetes.

The primary co-morbidity of diabetes is cardiovascular disease,
which usually initially presents with the risk factor of dysregulated
lipid metabolism (Einarson et al., 2018). Studies have also previ-
ously shown that people with T2DM and hyperlipidaemia often
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Figure 5. The effect of fish hydrolysate treatment on (a) total plasma cholesterol, (b) plasma LDL, (c) plasma HDL and (d) plasma triglycerides. Mice were
treated with hydrolysate (50 mg/kg bodyweight), saline, or metformin (200 mg/kg bodyweight) twice daily for 27 days. Terminal plasma was collected fol-
lowing the treatment period and stored at —20°C until required for lipid analysis by ILab 650 chemistry analyser (a—d). Values represent mean = S.E.M. (n =
8). *p < 0.05, **p < 0.01, ***p < 0.001 versus ob/ob saline control. BPH: boarfish protein hydrolysate; SSGH: salmon skin gelatin hydrolysate.

also present with increasingly dysregulated glucose homeostasis
(glucolipotoxicity) (Lytrivi et al., 2020). As shown in Figure 5b
and d, all treatment groups showed a positive impact upon plasma
LDL and triglycerides, while SSGH also significantly reduced to-
tal cholesterol (Figure 5a). Increased TG’s and LDL are known to
be atherogenic, (Athyros et al., 2018) thus the significant improve-
ment in the plasma lipid profile found in this study could indicate
wider-reaching beneficial effects on diabetes co-morbidities, along
with improved blood glucose management. The reduction in en-
ergy intake with all treatment groups was also interesting, how-
ever, this was not associated with any change in bodyweight gain.
The (0b/ob) mouse model lacks functioning leptin, compromising
satiety, and leading to hyperphagia (Figure 1c), which is the driv-
ing force for the development of the obesity and diabetic charac-
teristics (Lindstrom, 2007). Furthermore, leptin is fundamentally
important in weight loss (Myers et al., 2010) thus in this model
there was no change in bodyweight found despite a significant re-
duction in energy intake. The reduced energy intake without a cor-
responding reduction in bodyweight suggests that the energy in-
take reduction is due to a leptin-independent mechanism, however
the only other mechanism examined in this study was total GLP-1
secretion, which only showed a significant increase with SSGH
treatment (metformin showed a significant GLP-1 reduction), de-
spite all treatment groups showing a reduction in energy intake.
The primary focus of this study was to examine the anti-diabetic
potential of two fish protein hydrolysates, however, a diet-induced
obese model may be more appropriate for examining the long-term
satiating potential, as there was an interesting change in energy in-
take (Figure 1c¢) which did not translate to changes in body weight,
which may be related to the model selected.

There are limited chronic in vivo studies assessing the effect of
protein hydrolysates on glycaemic control in mice, and if so, they
are performed in various mouse models under different conditions
and different biomarkers are assessed (Zhou et al. 2021). There-
fore, it is very difficult to compare the results generated herein to
other studies in terms of efficacy and differences in action.

It is well established that protein hydrolysates can beneficially
regulate glycaemic control, with the extent of the response vary-
ing significantly depending on the primary sequence of the pep-
tides and amino acids therein (Newsholme et al., 2006; Harnedy-
Rothwell et al., 2020). In general, crude protein hydrolysates exert
their bioactive effect through several mechanisms of action and it
is likely that the results observed herein emerge from the beneficial
synergistic effects arising from a number of peptides and/or amino
acids within the protein hydrolysates. Both protein hydrolysates,
utilised in this study, were shown to contain high quantities of
low molecular weight components, in previously published arti-
cles, with 74% and 67% of the peptides/amino acids in BPH and
SSGH <1 kDa, respectively (Harnedy et al., 2018a; Parthsarathy
et al., 2018). We have previously identified numerous peptides in
a BPH generated with the same enzymes employed herein, which
mediate insulin secretory activity from cultured pancreatic BRIN-
BD11 cells and inhibit DPP-4 in a conventional in vitro and in
situ cell-based (Caco-2) assay (Harnedy-Rothwell et al., 2020).
Furthermore, one of the peptides identified, IPVDM, was shown
to have multifunctional activity, inducing potent DPP-4 inhibition
and insulin secretion (Harnedy-Rothwell et al., 2020).

While a comprehensive list of short peptides with DPP-4 in-
hibitory activity and information with regard to the influence of
certain structural features on such activity is available, information
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in relation to the sequence of peptides mediating effects on other
biomarkers of T2DM (e.g., insulin and GLP-1 stimulating activ-
ity) is limited. Salmon skin derived peptides, some of which are
present in SSGH, have previously been shown to inhibit DPP-4
enzyme activity (Harnedy et al., 2017; Harnedy et al., 2018a; Jin et
al., 2020 ; Li-Chan et al., 2012; Neves et al., 2017b). Furthermore,
given that certain amino acids are known to promote insulin and/
or GLP-1 secretory activity, several peptides with potential insu-
linotropic and GLP-1 stimulatory activity have previously been
identified in the SSGH under investigation in this study (Harnedy
et al., 2018a). Amino acids such as Gln, Ala, Arg, Leu, Phe, Val,
Ile, and Lys have been identified as strong insulin secretagogues,
(Calbet and MacLean, 2002; Harnedy et al., 2018b; McClenaghan
et al., 1996) while amino acids such as Glu, Ala, Ser and Gln, Gly,
Asp, Leu and Met were shown to stimulate the release of GLP-1
from intestinal cells (Harnedy et al., 2018b). In addition, peptides,
Leu-Gly-Gly, Gly-Leu and Gly-Pro) have been reported to stimu-
late the release of GLP-1 in vivo (Diakogiannaki et al., 2013). The
high terminal plasma GLP-1 levels mediated by SSGH in Figure
1d, which was also observed in in vitro studies previously, are
more than likely due to the high levels of Gly and Pro, identified
in SSGH under investigation herein, which were 22.60 and 10.63
(g/100g), respectively (Harnedy et al., 2018a). Furthermore, these
residues which make up the triad repeat sequence, Gly-X (mostly
Pro)-Y, of gelatin were found in abundance in peptide sequences
identified in the SSGH. Significantly lower levels of Gly and Pro
(3.68 and 2.60 (g/100g), respectively) were found in the amino
acid profile of a BPH generated under the same conditions, albeit
at semi-pilot scale (Table sl), compared to the SSGH generated
herein. This may explain the observed non-significant change in
terminal plasma GLP-1 levels mediated by the BPH herein as was
the case in previous in vitro studies (Parthsarathy et al., 2018). It is
possible that gelatin-derived peptides and associated amino acids
are present in the BPH as the hydrolysate was generated from a
boarfish sample containing both the skin and meat. However, it
is expected that gelatin-derived peptides would be present at low
levels in the hydrolysate as the skin was only a minor component
in the starting raw material.

Both fish protein hydrolysates contain significant quantities of
key insulinotropic amino acids. Two of the most abundant free
amino acids identified in SSGH utilised in this study include Arg
and Phe at 1.15 and 1.07 g/100 g, respectively (Harnedy et al.,
2018a). Following Gly and Pro, Arg and Ala are found as the third
and fourth most abundant amino acids in SSGH at 7.80 and 7.81
2/100g, respectively (Harnedy et al., 2018a). A BPH generated un-
der the same conditions, albeit at semi-pilot scale, as the BPH gen-
erated herein was found to contain moderate to high levels of all in-
sulin secretory residues (Supplementary Table 1). The presence of
single amino acids with known insulinotropic activity may contrib-
ute to the potent insulinotropic activity observed herein with SSGH
and BPH. However, further detailed studies beyond the scope of the
present work would be required to investigate this aspect.

Finally, it is important to remark on the comparison between
fish protein hydrolysate treatment and control (metformin) treat-
ment. Metformin is often the first oral pharmaceutical treatment
of choice for T2DM subjects. The anti-diabetic effects and mecha-
nisms of action of metformin have been reviewed elsewhere (Rena
et al., 2017). Broadly speaking, fish hydrolysate treatment resulted
in similar improvements to metformin in blood glucose, plasma in-
sulin, HbA,, glucose tolerance and plasma lipid profile. Interest-
ingly, BPH treatment had a markedly improved fasting blood glu-
cose and plasma insulin response when compared to metformin,
whereas SSGH treatment showed better insulin sensitivity. These
results were especially promising, given that metformin dosage

was quadruple that of hydrolysates, but the latter was used at a
similar dose to that previously shown to be effective in (0b/ob)
mice (Green et al., 2000).

5. Conclusions

Both BPH and SSGH are effective for the management of diabetes
in a genetically induced (ob/ob) mouse model. Metabolic biomark-
ers and blood glucose showed improvements with hydrolysate
treatment broadly similar to metformin. While further research is
required to identify the peptides potentially responsible for the ob-
served activity, it is believed that a synergistic effect arising from
several short peptides and possibly amino acids within the hydro-
lysates are associated with the effects observed herein. Despite no
effect on bodyweight, there was however a reduction in energy
intake, indicating that these hydrolysates are potentially of interest
for their effects on satiety if assessed in a more physiological situa-
tion such as high fat fed diet-induced obesity (DIO) mouse model.
To the best of our knowledge, this is the first research to highlight
the anti-diabetic potential of hydrolysates of boarfish protein hy-
drolysate in vivo and these in vivo findings add further weight to
the evidence supporting the anti-diabetic potential of salmon skin
gelatin hydrolysates. This data suggests that protein hydrolysates
derived from the low-value marine processing by-product and fish
species, namely salmon skin and boarfish have potent anti-diabetic
potential and could be a suitable option for early management and
prevention of T2DM. Furthermore, exploitation of these raw ma-
terials as sources of high-value functional peptide ingredients pre-
sents an opportunity for marine processors to add value to existing
marine resources and to deal with side-streams, which are other-
wise considered as waste. Translation of these findings to human
studies could emphasise the attractiveness of boarfish and salmon
skin gelatin as a high quality and sustainable protein source with
potent bioactivity.
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