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Abstract: Starch  digestion  regulation  is  important  for  blood  glucose  control  and  weight  management. α-Amylase  inhibitors  are  one  of
major interventions for blood glucose reduction and weight management. Sea cucumber intestines are marine by-products with extensive
bioactive  compounds  like  collagen,  however,  research  on  their α-amylase  inhibitory  mechanisms  remains  limited.  In  this  study,  sea
cucumber intestinal collagen hydrolysates (SCICHs) were generated by enzymatic hydrolysis (pepsin, neutral protease, and trypsin), and
their  interaction  with α-amylase  were  investigated  through  spectroscopic  and  kinetic  analysis.  SCICHs  were  found  to  interact  with
α-amylase  and  assemble  enzyme-hydrolysate  complexes.  Such  interactions  exhibited  concentration-dependent  behavior,  progressively
diminishing  the  catalytic  activity  of α-amylase  while  simultaneously  eliciting  conformational  rearrangements  in  its  secondary  structure.
The  tryptic  hydrolysate  showed  the  highest  inhibitory  activity,  achieving  64.71%  inhibition  rate  comparable  to  the  positive  control
(acarbose).  Enzymatic  kinetic  analysis  indicated  that  SCICHs  suppress α-amylase  activity  via  a  reversible  mixed-type  inhibitory  mode,
which  can  bind  to  both  the  unbound  enzyme  and  the  enzyme-substrate  complex,  displaying  a  higher  affinity  toward  the  free  enzyme.
These findings imply that SCICHs possess the capacity to suppress α-amylase and hold potential as a natural constituent for formulating
functional foods targeting obesity control.
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 1    Introduction
Obesity  has  escalated into  a  worldwide public  health  crisis,  posing
substantial  clinical  hurdles  due  to  its  robust  link  to  metabolic
comorbidities,  notably  type  2  diabetes,  cardiovascular  pathologies,
and malignancy[1].  As reported by World Health Organization,  the
global  prevalence  of  obesity  surpassed  one  billion  in  2022,
comprising  159  million  youths  aged  5–19  years  and  879  million
adults[2].  Current  obesity  management  mainly  focuses  on  energy
restriction and metabolic  enhancement,  but  overly  restrictive  diets
may  compromise  both  physical  and  psychological  health[3].
Therefore,  there  is  a  need for  effective  and safe  treatment  options.
α-Amylase  catalyzes  the  hydrolysis  of  starch  into  smaller  units,
inducing elevated postprandial blood glucose levels. Excessive lipid
accumulation  in  the  body  not  only  promotes  the  development  of
obesity  but  also  further  elevates  blood  glucose  levels  and  disrupts
metabolic  homeostasis. α-Amylase  inhibitors  can  inhibit  enzyme
activity,  block  carbohydrate  hydrolysis,  and  thereby  attenuate
intestinal  glucose  absorption.  Therefore, α-amylase  inhibitors  are
expected  to  be  applied  in  the  intervention  and  improvement  of
postprandial blood glucose abnormalities[4].

In  recent  years,  peptide-type  inhibitors  have  emerged  as  a
prominent  research hotspot  owing to  their  remarkable  advantages
including  abundant  raw  material  sources,  well-defined  inhibitory
mechanisms and mild toxic and side effects. Valencia-Mejía et al.[5]

reported  that  polypeptides  extracted  from  legumes  had  inhibitory
efficacy  against α-amylase.  de  Matos  et  al.[6] also  reported  this
inhibitory  activity  from  black  cricket  protein  hydrolysates.
Marine-derived  bioactive  peptides  usually  refer  to  small  peptides
containing  2–20  amino  acid  residues  and  exhibiting  distinct
physiological  activities.  Because  of  their  diverse  origins,  high
biological selectivity, and favorable safety characteristics,  increasing
attention  has  been  devoted  to  these  compounds[6].  For  example,  it
has  been  reported  that  hydrolysates  prepared  from  shrimp  shell
by-products  produced  a  43.4% inhibition  rate  against α-amylase[7].
Similarly,  Sintsova et  al.[8] identified a β-defensin analogue purified
from  the  mucus  of Heteractis  magnifica.  This  peptide  exerted
potent inhibitory activity against human pancreatic and salivary α-
amylases  at  nanomolar  concentrations,  with  outstanding
thermostability and favorable biocompatibility.

Sea  cucumbers  belong  to  invertebrates  that  exist  across  diverse
regions,  and possess  considerable  development  value  for  food and
medicinal  product  research.  They  contain  diverse  bioactive
compounds  such  as  vitamins,  minerals,  cerebrosides,  and
peptides[9−10].  Moreover,  sea  cucumber  collagen-derived  peptides
exhibit  diverse  biological  activities,  including  antitumor  effects,
inflammation  effects,  immune  enhancement,  blood  pressure  and
glucose  modulation,  anti-fatigue  effects[11−12].  Currently,  research  on
sea cucumbers primarily focuses on the extraction and preparation
of  bioactive  peptide  sequences  and  the  investigation  of  their
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biological  effects[9,11,13].  Intestinal  tissues  from  sea  cucumber
processing  constitute  a  substantial  residue,  harboring  abundant
bioactive  substances  encompassing  unsaturated  fatty  acids,
bioactive  peptides,  premium  proteins,  and  amino  acids.  However,
they  are  usually  treated  as  processing  by-product  and  discarded,
resulting  in  significant  resource  waste[14].  Effective  and  rational
utilization  of  these  byproducts  could  add  value  of  product
processing.  Sea  cucumbers  body  wall  peptides  have  been  reported
for digestive enzyme activity modulation. For example, Chen et al.[15]

identified  two α-amylase  inhibitor  peptides  SCP1  and  SCP2  from
Russian  sea  cucumber  peptides.  These  peptides  inhibited  the
binding  interaction  between  enzyme  and  substrate,  resulting  in
interfered  glycosylation  process.  However,  research  on α-amylase
inhibitors  derived  from  sea  cucumber  intestinal  collagen  remains
relatively  limited,  with  their  specific  inhibitory  types  and
mechanisms of action yet to be fully elucidated.

This study aims to prepare α-amylase inhibitors with inhibitory
activity  by  hydrolyzing  sea  cucumber  intestinal  collagen  using
pepsin,  neutral  protease,  and  trypsin.  These  enzymatic  products
hold promise as novel, natural and renewable α-amylase inhibitors
for application in obesity and weight management, offering unique
advantages including high market acceptability and low risk of drug
resistance.

 2    Materials and methods

 2.1    Materials and chemicals
Fresh  sea  cucumber  intestines  were  purchased  from  a  food
processing enterprise in Dalian, Liaoning Province, fully rinsed with
deionized  water,  and  stored  frozen  at –20  °C  for  subsequent  use.
Porcine  pancreatic α-amylase  (Cat.  No.  S31302,  enzyme  activity
10 U/mg), soluble starch and 3,5-dinitrosalicylic acid (DNS) reagent
were  obtained  from  Shanghai  Yuanye  Bio-Technology  Co.,  Ltd.
(Shanghai,  China).  Pepsin  (Cat.  No.  S10029,  enzyme  activity
10  000  U/g),  bovine  pancreatic  trypsin  (Cat.  No.  S10032,  enzyme
activity 250 U/mg) and positive inhibitor acarbose were supplied by
Shanghai  Aladdin  Biochemical  Technology  Co.,  Ltd  (Shanghai,
China).  Neutral  protease  (Cat.  No.  Z8030,  enzyme  activity
60  000  U/g)  was  purchased  from  Beijing  Solarbio  Science  &
Technology  Co.,  Ltd  (Beijing,  China).  Sodium  dihydrogen
phosphate  and  disodium  hydrogen  phosphate  were  sourced  from
Tianjin  Kemiou  Chemical  Reagent  Co.,  Ltd  (Tianjin,  China).  All
other reagents adopted in this experiment were of analytical grade,
and  ultrapure  water  was  utilized  throughout  all  experimental
operations.

 2.2    Preparation  of  sea  cucumber  intestinal  collagen
hydrolysates (SCICHs)
Collagen from sea cucumber intestines  was extracted according to
the  previously  reported  method[16].  The  extracted  collagen  was
dissolved in deionized water to yield a 20 mg/mL solution. The pH
of the collagen solution was adjusted to the respective optimum for
each enzyme using 1 mol/L HCl or 1 mol/L NaOH. Pepsin, trypsin,
and neutral protease were separately added at a dosage of 5 000 U/g
substrate  protein.  Enzymatic  hydrolysis  was  performed  for  5  h
under  continuous  magnetic  stirring  at  their  respective  optima:
pH 2.0 and 37 °C for pepsin, pH 8.0 and 37 °C for trypsin, pH 7.0
and  50  °C  for  neutral  protease.  Following  hydrolysis,  the  reaction
was terminated by heating in a boiling water bath for 10 min. After
cooling  to  room  temperature,  the  mixtures  were  readjusted  to

neutral  pH (7.0) and then centrifuged at  10 000 × g for 10 min at
4  °C.  The  supernatants  were  collected  and  stored  at –20  °C  for
subsequent  use,  yielding  three  hydrolysates  designated  as  SCIPH,
SCITH, and SCINPH, respectively[17−18].

 2.3    Fluorescence spectroscopy measurement
Following  hydrolysate  treatment,  the  fluorescence  spectra  of
α-amylase  were  collected  according  to  an  earlier  reported  method
with  minor  modifications[19].  The  enzyme  solution  (4  U/mL)  was
combined  with  varying  concentrations  of  hydrolysates  and
equilibrated at 298, 308, or 318 K for 1 h. Spectra were acquired on
an  LS55  spectrofluorometer  (PerkinElmer,  Waltham,  MA,  USA)
with excitation at 280 nm, emission over 310–500 nm, slit width of
5  nm,  and  scan  rate  of  100  nm/min.  Quenching  data  were
interpreted using the Stern-Volmer equation (Eq. (1))[20]:

F0

F
= 1+Kqτ0 [Q] = 1+Ksv [Q] (1)

Where F and F0 represent the intrinsic fluorescence intensities of
α-amylase in the presence and absence of hydrolysate, respectively;
[Q]  denotes  the  concentration  of  the  quencher,  namely  the
hydrolysate, ranging from 0 to 800 μg/mL; Ksv represents the Stern-
Volmer quenching constant (103 L/g); Kq refers to the bimolecular
quenching  rate  constant  (1011 L/(g·s));  and τ0 is  the  mean
fluorescence lifetime of the fluorophore (set as 10−8 s).

 2.4    Circular dichroism (CD) spectrum measurement
CD  was  used  to  analyze α-amylase  secondary  structure  changes
caused  by  hydrolysates  (Applied  Photophysics,  UK).  Spectra  were
scanned  at  190–260  nm  with  0.2  nm  slit  width  and  1  mm  path
length.  Buffer  background  was  subtracted  from  raw  spectra  to
obtain the final data[21].

 2.5    Inhibitory activity and mechanism of SCICHs against
α-amylase

 2.5.1    α-Amylase inhibitory activity measurement

DNS  spectrophotometry  was  used  to  evaluate  the  inhibitory
activities  of  SCIPH,  SCITH,  and  SCINPH  against α-amylase.  In
0.2 mol/L phosphate buffer at pH 6.9, 4 U/mL enzyme solution was
mixed  with  the  three  hydrolysates  at  concentrations  of  1,  10,  100
and 1 000 μg/mL, acarbose was used as  the positive control  at  the
same concentration gradient (1, 10, 100 and 1 000 μg/mL), followed
by  pre-incubation  at  37  °C  for  10  min.  Afterwards,  1  g/100  mL
soluble starch was added,  and the mixture was incubated at  37 °C
for 5 min. Subsequently, 1 mL DNS reagent was added to terminate
the reaction, and the mixture was heated in a boiling water bath for
10  min.  After  cooling  to  ambient  temperature,  the  absorbance  at
540  nm  was  recorded  with  a  Synergy  H1  hybrid  multi-mode
microplate  reader  (BioTek,  Winooski,  VT,  USA).  The  inhibition
rate was determined according to Eq. (2). Half maximal inhibitory
concentration  (IC50)  values  were  determined  by  relating  the
percentage inhibition of each sample to its concentration[22−23]:

Inhibition rate (%) = (1− B−b
A−a

)× 100 (2)

Where A and a indicate the absorbance measured for the blank
group  (contains α-amylase  and  substrate  (starch),  but  does  not
contain  inhibitors)  and  blank  control  group  (contains  substrate
(starch)  but  not  contain α-amylase),  respectively; B denotes  the
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absorbance  of  the  system  in  which α-amylase  was  incubated  with
the  SCICHs  inhibitor,  whereas b corresponds  to  the  background
control containing SCICHs alone without α-amylase.

 2.5.2    Inhibition kinetics of α-amylase by SCICHs

The inhibitory  kinetics  of α-amylase  by  SCICHs were  investigated
through activity measurements under varying starch concentrations
(1–8 mmol/L) and hydrolysate levels (1–1 000 μg/mL), maintaining
an α-amylase content of 10 mg/mL[24].

Lineweaver-Burk plots were established by plotting the reciprocal
of  the  reaction  rate  against  the  reciprocal  of  the  substrate
concentration. The inhibition type was identified by comparing the
plots  obtained  at  different  hydrolysate  concentrations.  The  kinetic
equation was shown in Eq. (3)[25]:

ν = vmax[S]

Km(1+
i
Ki
)+ [S](1+ i

Kis
)

(3)

νWhere  indicates initial reaction rate (min–1); vmax indicates the
maximum initial reaction rate achieved when all enzyme active sites
are  saturated  with  substrate  (min–1); i indicates  inhibitor
concentration  (mg/mL);  [S]  indicates  substrate  concentration
(mmol/L); Km indicates  Michaelis-Menten  constant  (mmol/L); Ki
indicates the equilibrium dissociation constant for inhibitor binding
to  free  enzyme  (mg/mL);  and Kis refers  to  the  equilibrium
dissociation  constant  of  inhibitor  binding  to  the enzyme-substrate
complex (mg/mL).

 2.6    Statistical analyses
To ensure experimental reproducibility and data reliability, all tests
were  conducted  in  triplicate,  and  the  results  were  presented  as

mean ± standard deviation (SD). One-way analysis of variance was
employed  to  analyze  inter-group  differences,  with  Duncan’s
multiple range test applied for post-hoc comparisons. P < 0.05 was
set  as  the  threshold  for  statistical  significance.  Data  analysis  was
performed  using  SPSS  27  (SPSS  Inc.,  Chicago,  IL,  USA),  and
plotting  was  completed  using  Origin  2024  (OriginLab  Corp.,
Northampton, MA, USA).

 3    Results and discussion

 3.1    Fluorescence spectrum of SCICHs
Fluorescence  spectroscopy  is  commonly  employed  to  investigate
the  interactions  between  small  molecules  and  proteins[26].  The
fluorescence  spectra  of α-amylase  with  SCIPH,  SCITH,  and
SCINPH at 298, 308, and 318 K were shown in Figure 1. A highest
fluorescence  peak  was  observed  at  approximately  350  nm  for  all
treatments.  With  increasing  hydrolysate  concentration,  the
fluorescence  intensity  of α-amylase  was  progressively  reduced,
indicating  a  concentration-dependent  quenching  effect.  Under  all
tested  conditions,  the  highest  fluorescence  intensity  was  observed
for α-amylase  alone,  whereas  the  lowest  intensity  was  detected  in
the presence of 800 μg/mL SCITH at 318 K. Due to the temperature
dependence of  fluorescence quenching,  Stern-Volmer analysis  was
performed at various temperatures to calculate quenching constants
(Table 1). Combined with the data in Figures 1A4–E4 and Table 1,
the Stern-Volmer fitting curves for SCICHs were linear, and the Ksv
decreased  continuously  as  temperature  rose,  suggesting  that  all
hydrolysates  induced  static  quenching  of α-amylase  by  all
hydrolysates were classified as static quenching.
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Figure 1    Effects of SCICHs on the fluorescence spectra of α-amylase at 298, 308, and 318 K. (A) SCIPH; (B) SCITH; (C) SCINPH. Subscripts 1, 2, and 3 indicate 298,
308, and 318 K, respectively, while subscript 4 indicates the Stern-Volmer plots.
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The  hydrolysate-induced  attenuation  of  fluorescence  intensity
indicates  potential  complex  formation  between  collagen
hydrolysates  and α-amylase.  This  quenching  effect  is  presumably
associated with rearrangement of the enzyme’s secondary structure,
whereby  fluorescent  residues  are  sequestered  within  the

hydrophobic interior, ultimately diminishing fluorescence emission
efficiency[27].  Furthermore,  the  fluorescence  quenching  efficiency
(Ksv) declined markedly in the range of 298–318 K, demonstrating
the  poor  thermal  stability  of  the  enzyme-hydrolysate  complex.
Elevated  temperature  breaks  the  non-covalent  bonds  inside  the
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complex, rendering it unable to maintain a stable conformation and
eventually  dissociate.  This  increases  the  effective  distance  between
the  fluorophore  and  quenching  center,  ultimately  attenuating
quenching efficiency[28].

In  summary,  SCICHs  associate  with α-amylase  to  generate
ground-state  complexes,  thereby  triggering  static  fluorescence
quenching.  This  binding  perturbs  the  microenvironment  of
intrinsic  fluorophores.  Higher  temperatures  destabilize  the
intermolecular  non-covalent  interactions,  inducing  complex
dissociation and consequently weakening the quenching efficacy.

 3.2    Secondary structures of SCICHs
CD  spectroscopy  revealed  the  conformational  transitions  in
α-amylase  induced  by  SCICHs[29].  The  CD  spectral  profiles  of
α-amylase after  interaction with SCIPH, SCITH, and SCINPH are
presented in Figure 2A1–C1.  The characteristic negative absorption
peak near 198 nm corresponds to the α-helix secondary structure of
hydrolysates.  Concomitant  with  the  increase  of  SCICHs
concentration,  the  negative  ellipticity  of  the  CD  spectrum  of
α-amylase progressively diminished, and SCITH showed the lowest
negative ellipticity peak among all hydrolysates. The above findings
suggest  that  the α-helix  within α-amylase  diminished  upon
potential  binding  with  SCICHs[30].  The  secondary  structural

composition of α-amylase after treatment with SCIPH, SCITH, and
SCINPH is shown in Figure 2A2–C2. As the SCICHs concentration
increased,  the α-helix  and  random  coil  relative  contents  of
α-amylase exposed to the three hydrolysates were reduced, whereas
the β-sheet  relative  content  was  markedly  increased.  Among  all
treatment  groups,  SCITH-treated α-amylase  exhibited  the  lowest
α-helix  and  random  coil  relative  contents  and  the  highest β-sheet
relative  content.  Compared  with  the  control  group,  SCITH
treatment induced pronounced secondary structural rearrangement
in α-amylase, as reflected by an increase in β-sheet relative content
from  41.48%  to  66.05%,  together  with  decreases  in α-helix  and
random  coil  relative  contents  from  12.36%  to  6.79%  and  from
30.94% to 7.36%, respectively.

These secondary structural alterations presumably arise from the
non-covalent  complexation  between  the  peptide  and  the  enzyme,
involving  hydrogen  bonds  and  hydrophobic  interactions[31].  Such
interactions disrupt the native conformation of the enzyme, induce
rearrangement  of  its  secondary  structure,  and  reduce  the  binding
affinity  for  the  substrate[32−33].  Comparable  secondary  structural
changes were also noted in prior literature. Specifically, Xue et al.[34]

reported that phosvitin-derived peptides attach to the non-catalytic
domain  of α-amylase  via  non-covalent  interactions;  this  binding
remodels  the  spatial  conformation  of  the  enzyme  and  thereby
suppresses its catalytic activity.

 

Table 1    Quenching constants of the interaction between α-amylase and SCICHs.

Sample T (K) Equation R2 Ksv (L/g) Kq (108 L/(g·s))

SCIPH
298 y = 3.84x + 0.98 0.986 3.84 ± 0.25 3.84 ± 0.25
308 y = 3.17x + 0.92 0.995 3.17 ± 0.09 3.17 ± 0.09
318 y = 2.55x + 1.04 0.978 2.55 ± 0.04 2.55 ± 0.04

SCITH
298 y = 4.39x + 0.99 0.997 4.39 ± 0.15 4.39 ± 0.15
308 y = 3.71x + 1.00 0.994 3.71 ± 0.13 3.71 ± 0.13
318 y = 3.16x + 0.92 0.993 3.16 ± 0.12 3.16 ± 0.12

SCINPH
298 y = 3.70x + 1.04 0.993 3.70 ± 0.02 3.70 ± 0.02
308 y = 3.38x + 1.02 0.993 3.38 ± 0.08 3.38 ± 0.08
318 y = 2.38x + 1.03 0.994 2.38 ± 0.17 2.38 ± 0.17
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In  summary,  CD  spectral  data  reveal  that  SCICHs  bind  to
α-amylase via non-covalent interactions,  triggering conformational
rearrangements in the enzyme’s secondary structure. These changes
alter  the  hydrophobic  properties  of  the  protein,  disrupt  the  spatial
architecture  of  the  active  center,  hinder  substrate  binding,  and
reduce the catalytic capacity of the enzyme.

 3.3    Inhibitory  effects  and  mechanisms  of  SCICHs  on
α-amylase

 3.3.1    Inhibitory effects of SCICHs on α-amylase activity

The inhibition rates of different SCICHs on α-amylase are shown in
Figure 3. As the SCICHs concentration rose, the inhibitory capacity
against α-amylase  was  also  improved.  At  100  μg/mL,  SCITH
demonstrated  a  significantly  higher  inhibition  rate  against
α-amylase  compared  with  SCIPH  and  SCINPH.  At  1  000  μg/mL,
SCITH  displayed  the  strongest  inhibitory  activity,  achieving  an

inhibition  rate  of  64.71%  that  was  comparable  to  the  level  of  the
positive control acarbose (72.06%). As shown in Table 2, SCINPH
did  not  achieve  50%  inhibition  within  the  tested  concentration
range; therefore, its IC50 value could not be determined. The IC50 of
SCIPH  was  (236.22  ±  0.73)  μg/mL.  Notably,  SCITH  exhibited
the  lowest  IC50 value  among  the  three  hydrolysates,  at
(87.23  ±  0.46)  μg/mL,  while  the  positive  control  acarbose  showed
an IC50 of (40.54 ± 0.38) μg/mL. Although the IC50 value of SCITH
was  higher  than  that  of  acarbose,  it  falls  within  the  activity  range
reported  for  natural α-amylase  inhibitory  peptides  in  the
literature[35],  indicating  that  SCITH  still  possesses  strong  inhibitory
activity. The slight gap in inhibitory activity between the two can be
attributed  to  differences  in  their  components,  acarbose  is  a  pure
compound,  whereas  SCITH  is  a  complex  mixture  containing  not
only active peptides but also non-active components, of which only
a portion participates in enzyme inhibition.
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Figure 3    Effects of SCICHs on α-amylase inhibitory activity. (A) SCIPH, (B) SCITH, and (C) SCINPH.
 
 

Table 2    IC50 values of α-amylase inhibitory activity of SCICHs and acarbose.

Sample IC50 (µg/mL)

SCINPH
SCIPH 236.22 ± 0.73c

SCITH 87.23 ± 0.46b

Acarbose 40.54 ± 0.38a

Note: Different lowercase letters in the same column indicate significant
difference (P < 0.05).
 

The  inhibitory  effect  of  SCICHs  is  derived  from  its  bioactive
peptides enriched in Trp, Arg, and Tyr residues. Trp and Tyr dock
into the active  site  of α-amylase  through hydrophobic  interactions
and  π-π  stacking,  competitively  blocking  the  substrate  recognition
pocket,  concurrently,  the  positively  charged  Arg  group  establishes
electrostatic  interactions  with  negatively  charged  catalytic  residues
(Asp,  Glu)  in  the  active  cleft,  stabilizing  the  inhibitor  enzyme
complex  and  cooperatively  lowering  the  catalytic  efficiency[36].
Comparably,  Wan  et  al.[37] reported  that Trachinotus  ovatus
hydrolysate-derived  functional  peptides  interact  with  both  the
catalytic  pocket  and  allosteric  regions  of α-amylase  through  a
combination  of  hydrogen  bonds,  hydrophobic  forces,  and  π-π
stacking,  triggering  structural  rearrangements  in  the  enzyme  that
culminate  in  its  inactivation.  The  superior  inhibitory  activity  of
SCITH  stems  from  its  ability  to  induce  the  most  significant
secondary structural perturbations among the three hydrolysates, as
reflected by an increase in β-sheet relative content from 41.48% to

66.05%,  a  decrease  in α-helix  relative  content  from  12.36%  to
6.79%, and a decrease in random coil relative content from 30.94%
to 7.36%. Such a drastic conformational rearrangement disrupts the
spatial  architecture  of  the  catalytic  center,  consequently  impairing
substrate  binding  and  catalytic  efficiency.  In  addition,  SCITH
displayed the lowest Ki and Kis values (Table 3), reflecting its highest
affinity  toward  both  the  free  enzyme  and  the  enzyme-substrate
complex.  Similarly,  Xu  et  al.[38] reported  that  trypsin  hydrolysate
from  salmon  bone  released  peptides  that  specifically  bound  to
α-amylase and exerted mixed-type inhibition.
 
 

Table 3    Inhibition constants and inhibition types of α-amylase by SCICHs.

Sample Ki (mg/mL) Kis (mg/mL) Inhibition type
SCINPH 1.36 6.92 Mixed inhibition
SCIPH 0.99 5.27 Mixed inhibition
SCITH 0.91 3.94 Mixed inhibition

 

Collectively,  the  enzyme  inhibitory  activity  data  demonstrated
that  the  bioactive  peptides  in  SCICHs  bind  to  the  active  site  of
α-amylase  through  intermolecular  non-covalent  forces  and
effectively suppress the catalytic activity of α-amylase.

 3.3.2    Mode and type of inhibition

The  inhibitory  kinetics  of α-amylase  were  determined  using  the
Lineweaver-Burk  double  reciprocal  plot  method,  as  shown  in
Figures  4A–C,  the  plots  derived  at  varying  hydrolysate
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concentrations  intersected  at  the  origin,  and  the  slope  values
declined  as  the  inhibitor  concentration  rose,  indicating  a
concentration-dependent  inhibitory  effect.  Such  findings
demonstrate that the suppressive effect exerted by the hydrolysates
on α-amylase  was  non-permanent,  with  no  irreversible  loss  of
catalytic function being observed[39].

To  elucidate  the  inhibitory  mode  of  three  sea  cucumber
intestinal  hydrolysates  toward α-amylase,  kinetic  characterization
was  performed  using  the  Lineweaver-Burk  approach.  Enzyme
inhibition  theory  distinguishes  four  categories  of  inhibitor  action:
competitive,  non-competitive,  uncompetitive,  and  mixed,  which
differ  fundamentally  in  binding  loci,  kinetic  behavior,  and
reciprocal plot patterns[40]. As shown in Figures 4D–F, fitted lines for
various  hydrolysate  concentrations  intersected  in  the  second
quadrant,  characteristic  of  mixed-type  inhibition,  indicating
SCICHs  bind  both  free  enzyme  and  enzyme-substrate  complex.
The  constants Ki (reflecting  affinity  for  the  free  enzyme)  and Kis
(reflecting  affinity  for  the  enzyme-substrate  complex)  were
subsequently  derived  and  tabulated  in Table  3.  Kinetic  data
indicated  that  SCICHs  exhibited  a  lower Ki than Kis,  implying
concurrent  interaction  with  both  free α-amylase  and  the
enzyme-substrate  complex,  yet  with  markedly  stronger  binding  to
the  former.  Comparative  evaluation revealed SCITH as  possessing
the lowest Ki and Kis values across all samples, signifying the highest
affinity for α-amylase and the greatest inhibitory potency.

Similarly,  Xu  et  al.[38] reported  that  proteolytic  products  from
salmon  fish  bones  elicited  mixed  inhibition  of α-amylase.  These
substances  could  effectively  bind  to  the  amino  acid  residues

(e.g.,  Asp206  and  Trp203)  at  the  calcium-binding  sites  within
α-amylase,  thereby  eliciting  conformational  alterations  in  the
enzyme.  Zhong  et  al.[41] reported  that  oyster  peptide-anthocyanin
complexes  act  as  mixed-type  inhibitors  against α-amylase.  Such
dual binding toward free enzymes and enzyme-substrate complexes
disrupts the internal microenvironment and spatial structure of the
enzyme,  which  accounts  for  its  inhibitory  performance.  While  no
single functional peptide sequence was characterized in their work,
the  peptide-enzyme  binding  interaction  distorts α-amylase
conformation and weakens its catalytic activity.

 4    Conclusions
In  the  present  investigation,  three  collagen  hydrolysates  exhibiting
α-amylase  inhibitory  capacity  were  enzymatically  generated  from
sea cucumber intestinal tissues. Fluorescence and CD spectroscopy
results showed that they could bind to α-amylase in a concentration-
dependent  manner,  inducing  its  secondary  structure  changes.
Inhibitory  rate  analysis  showed  that  SCITH  exhibited  the  optimal
α-amylase  inhibitory  effect,  with  an  inhibition  rate  of  64.71%  at
1  000  μg/mL,  close  to  the  positive  control  acarbose.  According  to
kinetic  measurements,  SCICHs  exerted  reversible  mixed-type
inhibition against α-amylase, as it was able to interact with both the
catalytic  pocket  of α-amylase  and  the  enzyme-substrate  complex
simultaneously.  In  summary,  SCICHs  act  as  a  natural  and  safe
α-amylase  inhibitor,  which not  only  enables  high-value processing
and  resource  utilization  of  by-products  but  also  possesses
promising application prospects as natural α-amylase inhibitors.
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