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Abstract

Glycation nonenzymatic reactions between sugars and proteins produces advanced glycation end products (AGEs), which
are implicated in atherosclerosis and diabetic complications.  Safe,  food-derived antiglycation agents are therefore needed.

Sweet potato (Ipomoea batatas L.) is a nutritious crop in which the storage root is consumed, whereas the leaves, stems, and
roots are n discarded. We compared the antiglycation activity of extracts from the leaves, stems, roots, and storage roots
of sweet potato to explore value-added uses of these underutilized parts. Tissues were lyophilized and extracted with eight
solvents of varying polarity ; ethanol 20, 40, 60, 80, and 100%; methanol; and chloroform/methanol at a ratio of 2:1).

e antiglycation activity of the 32 extracts was assessed as inhibition of t AGE (F-AGE) formation in the
HSA–glucose model. Among the parts, the activity ranked as follows: leaf > root > stem > storage root. HPLC analysis re-
vealed the presence of polyphenols across all parts, with c acids (CQAs) being the dominant compounds. Dicaf-
feoylquinic acids (diCQAs) were more active than mono-CQAs and c acid. e s indicate that sweet potato,
especially its leaves and roots, is a promising source of food-grade antiglycation agents, providing a basis for the e
use of underutilized sweet potato tissues as functional ingredients.
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Introduction

Reducing sugars react nonenzymatically with pro-
tein  amino  groups,  leading  to  glycation.  Early-stage
bases  form  stable  Amadori  products,  which  later  oxidize
and condense into advanced glycation end products (AGEs)
[1]. While some AGEs appear biologically inert, others im-
pair  cellular  function  and  are  implicated  in  aging,  chronic

,  atherosclerosis,  and  diabetic  complications
[2].  Glycation control  is  key to food chemistry and disease
research,  with  inhibition g  therapeutic  potential.
Aminoguanidine,  initially  for  diabetic  complications,  is
now limited by safety concerns [3]. e search for safe,
tive  antiglycation  agents  from food is  a  major  research  fo-
cus.

Plant-derived  polyphenols  show  antiglycation  ac-
tivity, with their mechanisms and relevance increasingly un-
derstood. y are d into s (e.g., catechin,
quercetin) and s (e.g., resveratrol, chlorogenic
acid),  many of which act as antioxidants and prevent AGE
formation  [4].  In  a  BSA–glucose  in  vitro  model,  catechin
markedly suppressed AGE-associated e [5],  and

d chlorogenic acid scavenged methylglyoxal in
the same system [6]. Plant-derived polyphenols inhibit AGE
formation more y than aminoguanidine, highlight-
ing their potential as safe antiglycation agents.

Sweet potato (Ipomoea batatas L.),  a staple crop

from the genus Ipomoea (Convolvulaceae), is valued for its
dietary ber and vitamins [7]. e main edible organ is the
storage root; other parts, such as leaves, stems, and non-stor-
age roots, are n discarded r harvest, underscoring a
need for their e utilization [8].  Studies of  storage
roots  have d  diverse  polyphenols,  including  caf-
feoylquinic acids (CQAs) [9, 10]. Most work has focused on
antioxidant activity, and evidence for antiglycation activity
is largely limited to purple sweet potato extracts [11, 12]. Be-
cause the extraction y and bioactivity of plant an-
tioxidants  vary  substantially  with  tissue  and solvent  [13,
14],  detailed comparative studies in sweet potato remain
scarce. , to better utilize underused sweet potato
resources,  we compared antiglycation activity  of  extracts
from various plant parts and analyzed phenolic composi-

Materials and Methods

Reagents

Human serum albumin (HSA; lyophilized powder,
≥96%  by  agarose  gel  electrophoresis)  was  purchased  from
Sigma-Aldrich  Japan  (Tokyo,  Japan);  aminoguanidine  hy-
drochloride  (AG)  was  obtained  from m  Wako  Pure
Chemical  Industries  (Osaka,  Japan);  Folin–Ciocalteu
phenol reagent was obtained from MP BioJapan (Tokyo, Ja-
pan);  gallic  acid  (GA)  was  obtained  from  Nacalai  Tesque
(Kyoto, Japan); c acid (CA) was obtained from Kanto
Chemical (Tokyo, Japan); 3-CQA c acid),
4-CQA c  acid),  and  5-CQA  (5-O-caf-
feoylquinic  acid)  was  obtained from Nagara  Science  (Gifu,
Japan); and 3,4-diCQA c acid), 3,5-diC-
QA c  acid),  and  4,5-diCQA  (4,5-dicaf-
feoylquinic  acid)  were  obtained  from  ChemFaces  (Hubei,
China). Unless otherwise noted, other reagents were special
grade  or  HPLC-grade  and  were  obtained  from
Wako Pure Chemical Industries or Kanto Chemical. Purity
information  for  all  reagents  is  provided  as  obtained  from
suppliers.  Unless  otherwise  noted,  compounds  were  ≥95%
purity.

Samples

s  study  used  sweet  potatoes  (cv.  Beniharuka)
harvested in 2020 in Ibaraki, Japan. r washing with tap
water, tissues were dissected into leaves, stems, roots (non-s-
torage  roots),  and  storage  roots.  Samples  were  air-dried  at
room temperature and then lyophilized using an FDU-540
lyophilizer (EYELA, Tokyo, Japan). e dried material was
ground into a powder using an MX-X501 grinder (Panason-
ic, Osaka, Japan) and stored at −80 °C until use.

For  extraction,  0.5  g  of  dried  powder  was  mixed
with 25 mL of solvent and homogenized for 2 min using a

vents used in this study were : 20, 40, 60, or 80% (v/v)
ethanol; 100% ethanol (EtOH); 100% methanol (MeOH); or
chloroform/methanol  (2:1,  v/v;  CM). r  centrifugation,
the  supernatant  was . e  extraction  was  repeated
three  times,  and  the  supernatants  were  combined,
and concentrated to dryness (NVC-1100, EYELA, Tokyo, Ja-
pan).  All  extractions  using  aqueous  ethanol  or  methanol
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were performed at room temperature (22–25 °C). Following
evaporation  to  dryness,  the  extracts  were  reconstituted  in
the  corresponding  solvent  and  stored  at  −80  °C,  protected
from light,  until  analysis.  To maintain stability,  all  extracts
were analyzed within 6 months of preparation.

For the lipid-soluble  fraction,  0.5  g  of  dried pow-
der was extracted with 100 mL of CM (2:1, v/v) under
for  2  h;  the  procedure  was  repeated  twice. e  dried  resi-
dues were reconstituted to 10 mg/mL.

Across  four  plant  parts  (leaves,  stems,  roots,  and
storage  roots)  and  eight  solvents ,  20%  EtOH,  40%
EtOH,  60%  EtOH,  80%  EtOH,  100%  EtOH,  100%  MeOH,
and  CM),  a  total  of  32  extracts  were  prepared.  Extraction
yields are listed in Supplementary Table 1. For the antiglyca-
tion  assay,  extracts  were  dissolved  in  DMSO;  for  other  as-
says,  extracts  were  dissolved  in  the  corresponding  extrac-
tion solvent and diluted as appropriate before testing.

Measurement  of  Anti-Glycation t  (HSA-Glu-
cose  Glycation  Reaction  Model)

An  HSA–glucose  glycation  model  was  employed
as  described  previously  [15].  Sample  solutions  were  added
at 10% (v/v) of the reaction volume to a mixture containing
50 mM phosphate r (pH 7.4), 8 mg/mL HSA, and 200
mM glucose, and incubated at 60 °C for 40 h. Distilled wa-
ter served as the negative control. r incubation, the
rescence of t AGEs (F-AGEs) was measured (exci-
tation 370 nm/emission 440 nm), and the percent inhibition
of  F-AGE formation  was  calculated  relative  to  the  control.
Antiglycation  activity  was  expressed  as  aminoguanidine
(AG)  equivalents  using  an  AG  calibration  curve.

To ensure valid comparison of antiglycation activi-
ty  across  extracts  prepared  using t  solvents,  all  ex-
tracts were evaluated at a standardized set of initial concen-
trations  (0.1,  0.5,  1.0,  5.0,  and  10.0  mg/mL).  Only  data
points that fell within the linear range of the AG calibration
curve  were  used  for  AG-equivalent  calculations. s  ap-
proach ensured that solvent-dependent variations in antigly-
cation  activity  were  assessed  under  consistent  dose  condi-
tions. Each extract was examined at up to three concentra-
tions selected from this set, depending on turbidity or pre-

cipitation observed at higher concentrations. To prevent op-
tical  interference,  concentrations  were  adjusted  as  needed,
and AG-equivalent values (μmol AG-eq/g dry weight) were
calculated only from data points within the linear range of
the  calibration  curve.  When  multiple  concentrations  satis-

d this criterion, their mean value was reported. Phenolic
standards were measured at 10, 50, and 100 μM. AG equiva-
lents  (μmol  AG-eq/μmol  compound)  were  calculated  by
comparing  inhibition  values  within  the  linear  range;  when

Measurement of Total Polyphenols by Folin–Ciocal-
teu Method

e  Folin–Ciocalteu  method  was  performed  ac-
cording to ISO 14502-1:2005 [16]. , 100 μL of sample
solution was  mixed with 2.0  mL of  distilled  water  and 500
μL  of  5-fold-diluted  Folin–Ciocalteu  reagent,  followed  by
500 μL of 10% (w/v) aqueous sodium carbonate. r incu-
bation for 1 h at room temperature in the dark, absorbance
was  read  at  760  nm.  Total  polyphenols  were d  as
gallic acid equivalents (mg GA-eq/g dry weight) using a GA
calibration curve.

Each extract was measured at up to three dilutions
within 0.1–10 mg/mL. To ensure accuracy, values were cal-
culated only from data points within the linear range of the
GA  calibration  curve;  when  multiple  dilutions
their  mean  is  reported.

Quantitative  Determination  of  Phenolic  Com-
pounds  by  HPLC

Phenolic  compounds  were d  by  HPLC
(1260 series, Agilent Technologies, Hachioji, Japan) follow-

mm i.d.  ×  250  mm,  3  μm;  Imtakt,  Kyoto,  Japan). e  col-
umn temperature was 40 °C. Mobile phases were 0.4% for-
mic  acid  (A)  and  acetonitrile  (B);  separation  was  achieved
with  a  linear  gradient  from  A:B  =  93:7  to  60:40  over  0–33
min. e w  rate  was  1.0  mL/min,  the  injection  volume
was  10  μL,  and  detection  was  at  325  nm.  Standards  were
CA,  3-CQA,  4-CQA,  5-CQA,  3,4-diCQA,  3,5-diCQA,  and
4,5-diCQA.  CQA  species  lacking  authentic  standards  were
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Statistical Analysis

Data are expressed as mean ± SD. Antiglycation ac-
tivity,  total  polyphenols,  and  phenolic  compound  levels
were  analyzed  using  two-way  ANOVA  with  Bonferroni’s
post  hoc  test  for  multiple  comparisons.  Interaction  terms
were  included,  and  interaction s  were  observed  in  all
analyses.  Associations  were  evaluated  using  Spearman’s
rank correlation. Two-way ANOVA and correlation analys-
es were conducted in GraphPad Prism 8.4.3 (GraphPad
ware,  Boston,  MA,  USA).  Multiple  regression  was  per-
formed in EZR (Jichi Medical University, Tochigi, Japan), a
graphical user interface for R e R Foundation for Statisti-
cal  Computing,  Vienna,  Austria)  based on a d ver-
sion of R Commander that adds commonly used biostatisti-

Results

sessed as inhibition of t AGE (F-AGE) formation
in the HSA–glucose model. Results are summarized in Fig-
ure 1 and Supplementary Table 2. Across plant parts and sol-
vents, leaf extracts showed higher activity in 40%, 60%, and
80% EtOH, in 100% MeOH, and in CM. Root extracts were
also  higher  in  40–80%  EtOH  and  100%  MeOH.  In  stems

and storage roots, solvent-dependent s were mini-
mal. When parts were compared within a given solvent, the
rank order was leaf > root > stem = storage root in 40–80%
EtOH  and  100%  MeOH.  In  100%  EtOH,  leaves  exceeded
stems and storage roots.  In CM, leaves and roots exceeded
stems and storage roots.

Total  polyphenol  content  (TPC)  was  determined
for all extracts (Figure 2, Supplementary Table 3). Within--
part solvent : In leaves, TPC was highest in 60–100%
EtOH  and  in  100%  MeOH.  In  stems,  TPC  was  lowest  in
100%  EtOH  and  100%  MeOH.  In  roots,  TPC  peaked  in
60–80% EtOH and 100% MeOH but was lowest in 40% and
100%  EtOH.  In  storage  roots,  TPC  was  lowest  in  100%
EtOH.  Across-part  comparisons  within  each  solvent:  TPC
ranked  leaf  >  root  >  stem  >  storage  root  in ,  20–80%
EtOH, and CM. In 100% EtOH, the order was leaf > stem =
root  >  storage  root;  in  100%  MeOH,  leaf  >  root  >  stem  =
storage root.

Because the Folin–Ciocalteu assay responds main-
ly  to  phenolic  hydroxyl  groups,  these s  suggest  that
in sweet potato, phenolics contribute to antiglycation activi-
ty.  We  therefore d  major  phenolic  constituents  by
HPLC.  Seven  compounds  were  detected  across  all  parts:
CA,  3-CQA,  4-CQA,  5-CQA,  3,4-diCQA,  3,5-diCQA,  and
4,5-diCQA.

Figure 1: Antiglycation Activity of Sweet Potato Extracts.

Antiglycation activity was evaluated using the HSA–glucose model. Extracts were tested at up to three concentrations (0.1–10
mg/mL), and only values within the linear range of the AG calibration curve were used to calculate AG equivalents (μmol AG-eq/g
dry weight). All data are reported on a dry-weight basis of the lyophilized material. Values are mean ± SD (n = 3). Two-way ANO-

t let-

CM, chloroform:methanol (2:1, v/v).
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Figure 2: Total Polyphenol Content of Sweet Potato Extracts

Total polyphenols were determined by the Folin–Ciocalteu method. Extracts were tested at up to three dilutions (0.1–10 mg/mL),
and only values within the linear range of the GA calibration curve were used to calculate gallic acid equivalents (mg GA-eq/g dry
weight). All data are reported on a dry-weight basis of the lyophilized material. Values are mean ± SD (n = 3). Two-way ANOVA

etters

chloroform:methanol (2:1, v/v).

c acid (CA) content was d for all ex-
tracts (Figure 3; Supplemental Table 4). Within-part solvent

:  In  leaves,  CA  content  was  highest  in  60–100%
EtOH,  100%  MeOH,  and  CM.  In  stems  and  roots,  CA
peaked  in  100%  EtOH,  100%  MeOH,  and  CM.  In  storage

roots, CA was highest in 60–100% EtOH, 100% MeOH, and
CM. Across-part rankings within each solvent: CA content
ranked leaf  > storage root > stem = root in 60%, 80%, and
100%  EtOH;  leaf  >  storage  root  >  root  >  stem  in  100%
MeOH;  and  leaf  >  root  >  storage  root  >  stem  in  CM.

Figure 3:

D
n

ethanol; MeOH, methanol; CM, chloroform:methanol (2:1, v/v).
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Levels  of  3-CQA c  acid)  were

solvent :  In  leaves,  3-CQA  was  highest  in  20–100%
EtOH, 100% MeOH, and CM. In stems,  roots,  and storage
roots, 3-CQA peaked in 40–100% EtOH, 100% MeOH, and

CM.  Across-part  rankings  within  each  solvent:  In  20%
EtOH, leaf = stem > root = storage root. In 40% EtOH, stem
> root  > leaf  > storage root.  In 60% and 80% EtOH, 100%
MeOH, and CM, leaf > root > stem > storage root. In 100%
EtOH, leaf > stem = root > storage root.

wo-
Dif-

methanol; CM, chloroform:methanol (2:1, v/v).

Levels  of  4-CQA c  acid)  were
d (Figure 4B, Supplementary Table 4). Within-part

solvent :  In  leaves,  4-CQA  was  highest  in  20–100%
EtOH, 100% MeOH, and CM. In stems,  roots,  and storage
roots, 4-CQA peaked in 40–100% EtOH, 100% MeOH, and
CM.  Across-part  rankings  within  each  solvent:  In  20%
EtOH, leaf > stem = root = storage root. In 40% EtOH, root
>  leaf  =  stem  =  storage  root.  In  60%  EtOH,  leaf  >  root  >
stem = storage root. In 80% EtOH, 100% MeOH, and CM,
leaf > root > stem > storage root. In 100% EtOH, leaf > stem
= root > storage root.

Levels  of  5-CQA c  acid)  were
d (Figure 4C, Supplementary Table 4). Within-part

solvent : In leaves and storage roots, 5-CQA was high-
er in 60–100% EtOH, 100% MeOH, and CM. In stems and
roots, 5-CQA was higher in 40–100% EtOH, 100% MeOH,
and CM. Across-part rankings within each solvent: In 40%
EtOH,  stems  showed  the  highest  5-CQA  among  the  parts
(others  lower).  In  60% EtOH, root  >  leaf  >  stem = storage
root.  In  80%  EtOH,  100%  MeOH,  and  CM,  root  >  leaf  >
stem  >  storage  root.  In  100%  EtOH,  leaf  =  stem  >  root  >

storage root.

Levels  of  3,4-diCQA c  acid)
were d (Figure 5A, Supplementary Table 4). With-
in-part solvent :  In leaves,  stems, and roots,  3,4-diC-
QA was highest in 60–100% EtOH, 100% MeOH, and CM.
In storage roots, 3,4-diCQA was highest in 60–100% EtOH
and  100%  MeOH.  Across-part  rankings  within  each  sol-
vent: In 60%, 80%, and 100% EtOH, 100% MeOH, and CM,
the order was leaf > root > stem > storage root.

Levels  of  3,5-diCQA c  acid)
were d (Figure 5B, Supplementary Table 4). With-
in-part  solvent :  In  leaves,  roots,  and  storage  roots,
3,5-diCQA  was  highest  in  60–100%  EtOH,  100%  MeOH,
and  CM.  In  stems,  3,5-diCQA  peaked  in  40–100%  EtOH,
100%  MeOH,  and  CM.  Across-part  rankings  within  each
solvent: In 60% EtOH, leaf > root > storage root > stem. In
80% EtOH, 100% EtOH, and CM, leaf > root > stem > stor-
age root. In 100% MeOH, leaf > root > stem = storage root.

Levels  of  4,5-diCQA c  acid)
were d (Figure 5C, Supplementary Table 4). With-
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in-part  solvent :  In  leaves,  4,5-diCQA  was  higher  in
60–100%  EtOH,  100%  MeOH,  and  CM.  In  stems,  levels
were  higher  in  40%,  80%,  and  100%  EtOH,  100%  MeOH,
and  CM.  In  roots,  levels  were  higher  in  20–100%  EtOH,
100% MeOH, and CM. In storage roots,  levels were higher

in 60% and 80% EtOH, 100% MeOH, and CM. Across-part
rankings  within  each  solvent:  In  40%  EtOH,  stems  and
roots  exceeded  leaves.  In  60%  EtOH,  leaf  >  root  >  storage
root  >  stem.  In  80% and 100% EtOH and in  100% MeOH
and CM, leaf > root > stem > storage root.

Figure 5:

±

OH,
ethanol; MeOH, methanol; CM, chloroform:methanol (2:1, v/v).

We then examined associations between antiglyca-
tion activity and total polyphenols and individual phenolics
(Figure  6).  Spearman’s  correlations  were  high  for  all  vari-

ables: TPC, r = 0.83 (p < 0.01); CA, r = 0.63 (p < 0.01); 3-C-
QA, r = 0.90 (p < 0.01); 4-CQA, r = 0.87 (p < 0.01); 5-CQA,
r = 0.74 (p < 0.01); 3,4-diCQA, r = 0.88 (p < 0.01); 3,5-diC-
QA, r = 0.87 (p < 0.01); and 4,5-diCQA, r = 0.86 (p < 0.01).

Figure 6: Correlations between Polyphenols and Antiglycation Activity

Associations were evaluated using Spearman’s rank correlation (ρ). Plots compare antiglycation activity (AG equivalents) with to-
tal polyphenol content (TPC) and with individual phenolics: CA, 3-CQA, 4-CQA, 5-CQA, 3,4-diCQA, 3,5-diCQA, and 4,5-diC-

(diCQA)
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Using authentic standards, we d antiglyca-
tion  activity  for  each  phenolic.  All  compounds  exceeded
aminoguanidine (AG), and diCQA species were more active

than  mono-CQAs  (Supplementary  Table  5).  To  assess  the
contribution  of  each  phenolic,  we  conducted  multiple  re-
gression;  diCQA  showed  a t  positive  association
with antiglycation activity (Table 1).

Table 1: Multiple Linear Regression for Antiglycation Activity

 Objective Value: Anti-Glycation Activity

Adjusted R-squared 0.756

CA [-516.35 ~ 452.21]

-0.895

CQA [-22.50 ~ 25.95]

-0.887

diCQA [17.46 ~ 43.39]

(<0.001**)

 * p

Discussion

In this  study,  we prepared extracts  from
sweet  potato  parts  using  a  panel  of  solvents  and  evaluated
their antiglycation activity. Leaves and roots showed strong
activity, and diCQAs emerged as the principal contributors.
Prior  work  has  shown  that  green  tea  catechins  and
chlorogenic acid suppress AGE formation [5, 6]. Our results
extend  this  evidence  by  showing  that  CQAs  abundant  in
sweet  potato  also  inhibit  glycation,  indicating  additional
functionality  of  sweet  potato–derived  polyphenols.  Across
parts,  leaves  and  roots  were  consistently  more  active  than
stems  and  storage  roots,  likely g s  in  the
total polyphenol content and CQA , as supported by
the  correlation  and  regression  analyses.  In  particular,  both
leaves  and  roots  contained  high  levels  of  5-CQA,  3,5-diC-
QA,  and  3,4-diCQA,  mirroring  their  similar  activity  pat-
terns.

Prior  studies  report  that  sweet  potato  leaves  con-
tain more polyphenols than storage roots and peels [18, 19].
In our survey of various solvents, leaves also showed a high
total  polyphenol  content  (TPC). e  predominant leaf  po-
lyphenols  were  phenolic  acids  and s  [20,  21].
Among phenolic acids, mono-, di-, and
acids  and c  acid  (CA)  predominate,  with  3,5-diCQA

frequently d by HPLC as the major constituent [20,
22]. A review reports 3,5-diCQA at 37.90–59.50% in leaves
[18]. In sweet potato root peels, major polyphenols include
chlorogenic  acid  (5-CQA;  112.24  mg/100  g  DW),  ellip-
tochlorogenic  acid  (46.28  mg/100  g  DW),  3,5-dicaf-
feoylquinic acid (36.02 mg/100 g DW),
acid (28.01 mg/100 g DW), and vanillic acid (22.68 mg/100
g  DW)  [23].  Consistent  with  these  reports,  we  observed
abundant  3,5-diCQA  in  leaves  across  solvents,  and  roots
were  rich  in  5-CQA.

Polyphenols  are  extensively  studied  as  antiglyca-
tion agents [24-26]. r s are attributed mainly to an-
tioxidant and dicarbonyl-trapping activities. y suppress
AGE  formation  by  chelating  transition  metals,  scavenging
radicals,  and  reducing  oxidative  stress,  as  well  as  by  trap-
ping  reactive  carbonyl  species  generated  at  intermediate
stages of glycation [27]. In our dataset, antiglycation activity
correlated strongly with total  polyphenol  content  and with
individual phenolics, consistent with a role for phenolic hy-
droxyl groups in this process. Although the Folin–Ciocalteu
assay is simple, reproducible, and widely used for plant ma-
trices,  it  is :  aromatic  amines,  high sugar  levels,
and reducing agents such as ascorbate can e apparent
totals [14, 28, 29]. e matrix s should be minimized
or  corrected.  Across  the  phenolics  tested,  activity  ranked
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diCQA > CQA ≈ CA, indicating that a larger number of caf-
feic  acid  units  tends  to  increase  activity.  diCQAs  contain
two  catechol  (o-diphenol)  moieties  and  could  act  through
multiple pathways: (i) Enhanced radical scavenging, (ii) In-
hibition  of  Fenton-type  reactions  via  metal  chelation,  and
(iii) Trapping of reactive carbonyl species such as methylgly-
oxal (MGO) [4].

Because glycation proceeds through oxidation, de-
hydration, and condensation pathways, diCQAs likely exert
a strong t by attenuating oxidative steps and inactivat-
ing  carbonyl  intermediates.  By  contrast, s  be-
tween  the  3-/4-/5-CQA  positional  isomers  were  small,
suggesting that activity is driven primarily by the number of

e  solubility  of  phenolics  depends  on  the  plant
matrix and the polarity of the extraction solvent. Plant mate-
rials  contain phenolics  ranging from simple phenolic  acids
and  anthocyanins  to  oligomeric  and  polymeric  tannins
(proanthocyanidins)  [14].  Phenolics  may  also  be  bound  to
carbohydrates  or  proteins;  thus,  no single  protocol  is  opti-
mal  for  all  targets.  Commonly  used  solvents  include
methanol,  ethanol,  acetone,  ethyl  acetate,  and  their  mix-
tures [14]. e solvent choice markedly s the yield of
extracted  polyphenols  [30],  and  aqueous  mixtures  (hot  or
cold) of ethanol, methanol, acetone, or ethyl acetate are of-
ten  the  most e  [31].  In  practice,  methanol  and
ethanol  are  widely  used  to  extract  antioxidant  compounds
from plant foods [13], with ethanol favored for food applica-
tions  because  of  its  safety  [32].  Aqueous  solvent  systems
e.g.,  80% (v/v)  methanol  or  ethanol n  show higher  an-
tioxidant  activity  and  phenolic  content  [13].  Consistent
with  these  patterns,  our  data  show  that  80%  EtOH  and
100%  MeOH  yielded  high  levels  of  chlorogenic  acids  (C-
QAs) together with strong antiglycation activity. For transla-
tion  to  an  industrial  scale,  solvent  systems  should  balance
extraction ,  cost,  safety,  and  antiglycation  perfor-
mance; future work should assess food-grade ethanol–water
systems and scalable operations.

s study has several limitations. First, our evalua-
tion  relied  solely  on  an  in  vitro  HAS  glucose  model  and,
therefore,  does  not  capture  absorption,  metabolism,  distri-

bution,  or  interactions  in  vivo.  Second,  we d only
t AGE formation and did not examine other glyca-

tion pathways or endpoints, such as dicarbonyl trapping or
t AGEs. Future work should ex-

amine inhibition of carboxymethylarginine and pentosidine
formation (e.g., by ELISA) and monitoring of glycation in-
termediates such as deoxyglucosone and glyoxal and poten-
tially also methylglyoxal by HPLC. , the plant material
was limited to a single cultivar (cv. Beniharuka) and one har-
vest  year,  precluding  assessment  of  cultivar,  environment,
and  year ;  indeed,  total  polyphenol  content  and
phenolic s  vary  between  sweet  potato  cultivars
[33-35]. Comparative analyses across Japanese cultivars, re-
gions,  and  years  are  warranted.  Fourth,  our
focused  on  CA/CQAs;  we  did  not  measure  other  phenolic
classes (e.g., anthocyanins, , proanthocyanidins, or
lignin-derived  phenolics)  or  nonphenolic  constituents  that
may e  glycation.  Comprehensive g  of  these
components will be crucial in clarifying the relationship be-
tween composition and antiglycation activity.

Conclusion

Solvent  extracts  from  sweet  potato  leaves  and
roots showed the strongest antiglycation activity, with diC-
QAs d as major contributors. e s high-
light the potential of sweet potato polyphenols for function-
al  food  development.  Future  studies  should  focus  on  pro-
cessing stability, bioavailability, and in vivo y to devel-
op safe, food-grade antiglycation agents.
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Supplementary Information

Supplemental Table 1: Extraction Yields of Sweet Potato Extracts Prepared with Various Solvents (Dry Weight Basis).

Yield（wt%） Leaf Stem Root Storage root

H
2
O 45.61 63.64 52.84 25.90

20% EtOH 38.00 64.58 51.69 26.94

40% EtOH 62.33 65.38 49.90 14.22

60% EtOH 33.39 61.71 46.84 27.83

80% EtOH 30.48 63.86 42.03 23.06

100% EtOH 15.85 23.10 15.51 8.25

100% MeOH 21.88 21.86 35.23 13.31

CM 14.15 29.65 15.26 4.55

Extraction yield was calculated as the weight percentage of dried extract relative to the starting dry powder. EtOH; ethanol,
MeOH; methanol, CM; chloroform:methanol (2:1).

Supplemental Table 2: Anti-Glycation Activity of Sweet Potato Extracts (Dry Weight Basis).

Anti-glycation activity Leaf Stem Root Storage root

(μmol AG-eq./ g dry weight)

H
2
O 126.04 ± 2.86 91.87 ± 6.10 141.76 ± 4.19 51.54 ± 7.31

20% EtOH 161.88 ± 45.71 100.70 ± 11.68 75.89 ± 4.89 83.45 ± 7.18

40% EtOH 570.14 ± 130.59 130.08 ± 9.76 305.66 ± 14.33 35.05 ± 2.84

60% EtOH 825.42 ± 218.24 74.10 ± 14.37 572.63 ± 77.61 84.80 ± 8.24

80% EtOH 969.55 ± 207.22 99.06 ± 10.14 416.01 ± 19.36 68.52 ± 8.51

100% EtOH 264.42 ± 65.39 68.28 ± 4.56 138.23 ± 9.70 26.21 ± 1.28

100% MeOH 1139.81 ± 83.59 61.02 ± 4.23 666.09 ± 92.19 41.76 ± 0.99

CM 285.35 ± 19.51 67.47 ± 4.55 272.51 ± 21.88 15.01 ± 0.51

Anti-glycation activity was evaluated using the HSA–glucose model. Extracts were tested at three concentrations (0.1–10 mg/mL),
and values within the linear range of the AG calibration curve were used to calculate AG equivalents (μmol AG-eq./g dry weight).
All results were expressed on a dry weight basis of the original lyophilized samples. Values are means ± standard deviations (SD)
(n = 3). A two-way analysis of variance (ANOVA) and a post-hoc Bonferroni’s test were performed for statistical analysis. * p <

t indi-
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Supplemental Table 3: Total Polyphenol Content of Sweet Potato Extracts (Dry Weight Basis).

Total polyphenol content Leaf Stem Root Storage root

(mg GA-eq./ g dry weight)

H
2
O 19.79 ± 0.88 5.86 ± 0.28 12.54 ± 0.36 3.42 ± 0.07

20% EtOH 19.76 ± 1.06 6.21 ± 0.11 11.81 ± 0.58 3.50 ± 0.04

40% EtOH 19.16 ± 1.13 5.92 ± 0.19 10.94 ± 0.44 2.99 ± 0.01

60% EtOH 27.54 ± 0.93 6.78 ± 0.24 15.49 ± 0.14 3.90 ± 0.02

80% EtOH 32.21 ± 0.40 7.49 ± 0.07 16.35 ± 0.15 3.05 ±0.01

100% EtOH 22.00 ± 2.90 2.75 ± 0.13 4.32 ± 0.05 1.23 ± 0.03

100% MeOH 29.39 ± 0.29 3.37 ± 0.04 16.54 ± 0.18 2.21 ± 0.02

CM 20.71 ± 0.28 5.41 ± 0.17 11.35 ± 0.15 2.30 ± 0.04

Total polyphenols were determined by the Folin–Ciocalteu method. Extracts were tested at three dilutions (0.1–10 mg/mL), and
values within the linear range of the GA calibration curve were used to calculate gallic acid equivalents (mg GA-eq./g dry weight).

All results were expressed on a dry weight basis of the original lyophilized samples. Values are means ± SD (n = 3). A two-way anal-
ysis of variance (ANOVA) and a post-hoc Bonferroni’s test were performed for statistical analysis. * p < 0.05, ** p < 0.01, indicat-

Supplemental Table 4: Phenolic Compound Content of Sweet Potato Extracts (Dry Weight Basis).

Part Extraction
Solvent Phenolic compound (μmol/g)

CA 3-CQA 4-CQA 5-CQA 3,4-diCQA 3,5-diCQA 4,5-diCQA

Leaf H
2
O 0.00 ±

0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

 20% EtOH 0.00 ±
0.00 0.05 ± 0.00 0.05 ± 0.00 0.09 ± 0.00 0.00 ± 0.00 0.05 ± 0.00 0.00 ± 0.00

 40% EtOH 0.00 ±
0.00 0.07 ± 0.00 0.08 ± 0.00 0.13 ± 0.00 0.09 ± 0.00 0.15 ± 0.00 0.00 ± 0.00

 60% EtOH 0.21 ±
0.01 1.32 ± 0.03 1.31 ± 0.02 4.51 ± 0.03 4.08 ± 0.05 10.83 ± 0.11 0.77 ± 0.01

 80% EtOH 0.32 ±
0.00 1.56 ± 0.01 1.57 ± 0.02 5.61 ± 0.07 7.33 ± 0.04 18.21 ± 0.39 1.57 ± 0.01

 100% EtOH 0.12 ±
0.00 0.40 ± 0.01 0.52 ± 0.01 1.44 ± 0.03 2.91 ± 0.07 8.07 ± 0.11 0.51 ± 0.02

 100% MeOH 0.45 ±
0.00 1.74 ± 0.02 1.56 ± 0.01 5.75 ± 0.07 8.02 ± 0.11 21.27 ± 0.43 1.40 ± 0.03

 CM 0.30 ±
0.00 0.78 ± 0.02 0.74 ± 0.01 2.49 ± 0.03 3.08 ± 0.02 9.14 ± 0.06 0.82 ± 0.03

Stem H
2
O 0.00 ±

0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

 20% EtOH 0.00 ±
0.00 0.07 ± 0.00 0.00 ± 0.00 0.07 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

 40% EtOH 0.00 ±
0.00 0.16 ± 0.01 0.12 ± 0.01 0.62 ± 0.01 0.10 ± 0.00 0.35 ± 0.01 0.03 ± 0.00
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 60% EtOH 0.00 ±
0.00 0.26 ± 0.01 0.29 ± 0.01 1.21 ± 0.04 0.49 ± 0.01 1.12 ± 0.05 0.00 ± 0.00

 80% EtOH 0.00 ±
0.00 0.37 ± 0.00 0.36 ± 0.01 1.42 ± 0.10 0.96 ± 0.02 1.86 ± 0.10 0.23 ± 0.01

 100% EtOH 0.01 ±
0.00 0.15 ± 0.01 0.16 ± 0.00 0.75 ± 0.03 0.70 ± 0.03 1.55 ± 0.02 0.11 ± 0.01

 100% MeOH 0.04 ±
0.00 0.21 ± 0.00 0.23 ± 0.00 0.81 ± 0.08 0.60 ± 0.02 0.95 ± 0.04 0.21 ± 0.01

 CM 0.03 ±
0.00 0.15 ± 0.00 0.16 ± 0.00 1.14 ± 0.02 0.98 ± 0.02 1.71 ± 0.09 0.12 ± 0.00

Root H
2
O 0.00 ±

0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

 20% EtOH 0.00 ±
0.00 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

 40% EtOH 0.00 ±
0.00 0.13 ± 0.00 0.11 ± 0.00 0.37 ± 0.01 0.10 ± 0.00 0.06 ± 0.01 0.03 ± 0.00

 60% EtOH 0.00 ±
0.00 0.82 ± 0.01 1.17 ± 0.01 8.62 ± 0.34 3.52 ± 0.15 8.68 ± 0.11 0.72 ± 0.02

 80% EtOH 0.00 ±
0.00 0.46 ± 0.00 0.92 ± 0.03 7.21 ± 0.17 3.32 ± 0.12 9.12 ± 0.12 0.53 ± 0.01

 100% EtOH 0.01 ±
0.00 0.14 ± 0.00 0.17 ± 0.00 1.25 ± 0.06 1.30 ± 0.03 4.00 ± 0.04 0.24 ± 0.01

 100% MeOH 0.06 ±
0.00 0.95 ± 0.01 1.40 ± 0.04 9.40 ± 0.29 5.00 ± 0.09 16.55 ± 0.30 1.02 ± 0.03

 CM 0.10 ±
0.00 0.32 ± 0.01 0.49 ± 0.01 4.47 ± 0.08 2.64 ± 0.07 7.74 ± 0.45 0.52 ± 0.03

Storage
Root

H
2
O 0.00 ±

0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

 20% EtOH 0.00 ±
0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

 40% EtOH 0.00 ±
0.00 0.03 ± 0.00 0.05 ± 0.00 0.19 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.01 ± 0.00

 60% EtOH 0.12 ±
0.01 0.16 ± 0.00 0.40 ± 0.01 1.43 ± 0.09 0.25 ± 0.02 1.66 ± 0.06 0.07 ± 0.00

 80% EtOH 0.22 ±
0.00 0.15 ± 0.00 0.32 ± 0.01 1.13 ± 0.05 0.18 ± 0.01 1.18 ± 0.02 0.05 ± 0.00

 100% EtOH 0.03 ±
0.00 0.06 ± 0.00 0.11 ± 0.00 0.43 ± 0.01 0.11 ± 0.00 0.59 ± 0.02 0.02 ± 0.00

 100% MeOH 0.10 ±
0.00 0.05 ± 0.00 0.19 ± 0.01 0.67 ± 0.02 0.19 ± 0.01 0.87 ± 0.01 0.04 ± 0.00

 CM 0.06 ±
0.00 0.04 ± 0.00 0.07 ± 0.00 0.32 ± 0.02 0.06 ± 0.00 0.37 ± 0.03 0.03 ± 0.00

Values are means ± SD (n = 3). A two-way analysis of variance (ANOVA) and a post-hoc Bonferroni’s test were performed for sta-
t letters

m:methanol (2:1).
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Supplemental Table 5: Anti-Glycation Activity of Phenolic Compound Standards.

Phenolic compound Anti-glycation activity

(μmol AG-eq./μmol)

CA 18.2 ± 6.32

3-CQA 17.9 ± 5.54

4-CQA 18.1 ± 8.35

5-CQA 17.6 ± 6.12

3,4-diCQA 20.8 ± 1.77

3,5-diCQA 20.8 ± 2.62

4,5-diCQA 20.5 ± 3.55

Phenolic standards were tested at 10, 50, and 100 μM. AG-equivalents were calculated within the linear range of the AG calibra-
tion curve. Values are means ± SD (n = 3).

Supplemental Figure 1: HPLC Chromatograms of Phenolic Compounds in Sweet Potato Extracts.

(A) Leaf, 100% Methanol Extract; (B) Stem, 40% Ethanol Extract; (C) Root, 100% Methanol Extract; (D) Storage Root, 60%
Ethanol Extract.
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