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Spatial distribution of antioxidant activity
in baguette and its modulation of
proinflammatory cytokines in RAW264.7
macrophages
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Baguette is a globally acclaimed bakery staple, composed by a crispy crust and soft crumb, both
containingMaillard reaction products (MRPs) with potential bioactivities. However, MRPs’ impacts on
the nutritional and health attributes of baguette, particularly in terms of cellular and biological
functions, are yet to be clearly elucidated. This study chemically characterizes the crust and crumb of
baguettes and investigates the influence of the Maillard reaction on baguette’s nutritional profile,
especially in the antioxidant and anti-inflammatory effects. The findings indicate an increase in
browning intensity and advanced glycation end products (AGEs) from the baguette’s interior to its
exterior, alongside a significant rise in the antioxidant capacity of the crust, suggesting the Maillard
reaction’s role in boosting antioxidative properties. Both the crust and crumb demonstrated strong
cytocompatibility with immune cells, capable of reducing cellular oxidative stress and regulating
intracellular free radical levels. The crust effectively countered peroxyl radical-induced cell membrane
hyperpolarization by 91% and completely neutralized the suppression of oxygen respiration in
mitochondria, displaying higher efficacy than the crumb. In contrast, crumbextractsweremore potent
in inhibiting lipopolysaccharide-induced expression of proinflammatory cytokines, such as
interleukins-1β (IL-1β) and IL-6, inmacrophages. It could provide the fundamental data and cell-based
approach for investigating the biological impacts of bread on immune responses, contributing to the
refinement and supplementation of nutritional recommendations.

The baguette stands out as a globally renowned bread variety, distinguished
by its distinctive features, including a crisp crust measuring 3–4mm in
thickness, an open and heterogeneous crumb cell structure with a rich, full-
bodied flavor1. These defining characteristics were intricately linked to the
Maillard reaction, a complex set of chemical processes occurring during
dough baking2. While existing literature extensively underscores the

influence of the Maillard reaction on shaping the sensory attributes of
bread3, particularly in terms of color and texture quality4,5, a notable gap
persists regarding a comprehensive understanding of how the Maillard
reaction specifically impacts the biological effects of baked bread. This raises
the intriguing question: Is there a biological mechanism behind our love for
delectable food?
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During baking process, a complex cascade of nonenzymatic reactions,
the so-called Maillard reaction, is taking place between carbonyl groups of
reducing sugars and amino acids, peptides and amino groups of proteins6.
The Maillard reaction produces a variety of bioactive compounds such as
melanoidins7,8. Melanoidins, characterized as high molecular weight,
brown, and nitrogenous compounds, are formed in the final stages of the
Maillard reaction, with a variety of biological activities such as antioxidant9.
The melanoidins identified in the bread crust demonstrate an individual-
dependent influence on distinct microbial flora, suggesting a potential anti-
inflammatory effect through the inhibition of enterobacteria10,11. Pronylated
lysine, found in bread melanoidins, has been shown to act as monofunc-
tional inducers of Glutathione S-transferases, serving as a functional para-
meter of antioxidant and chemopreventive activity12. TheMaillard reaction,
while also introducing certain adverse effects on food such as the formation
of AGEs and acrylamide6,13, can be effectively managed through the precise
regulation of baking conditions2.

A healthful dietary regimen invariably exerts significant influences on
immune responses, consequently playing a role in the regulation of
appetite14. It can be posited that a health-conscious diet, through its mod-
ulation of immune reactions, augments the consumers’ preference and
dependence on such dietary patterns. In the context of immunometabolic
dysregulation, immune cells undergo oxidative stress in the presence of
inflammatory cytokines, thereby impacting appetite15. Prior investigations
have elucidated the commendable standing of traditional and prevalent
health-promoting diets, exemplified by the esteemed reputation of porcine
bone soup16,17. Notably, the nanoparticles derived from these diets exhibit
efficacious modulation of immune cell activity within the gastrointestinal
mucosa, consequently ameliorating cellular oxidative stress18,19. Analogous
observations are discerned innanoparticles rich in polyphenols, exemplified
by those found in aged vinegar20. Given the substantial population of
immune cells, particularly macrophages, within the human intestinal
mucosa, bearing pivotal roles in inflammation and metabolic disorders21, it
is imperative to establish a comprehensive model elucidating the intricate
interplay between baguette consumption and immune cells.

By elucidating variances in spatial antioxidant properties, this study
aims to elucidate the significant role played by the Maillard reaction in
augmenting the antioxidative activity and immunocompetence of baguette,
and then enables to extend knowledge regarding bread, particularly bagu-
ette, bioactive properties as a key food matrix quite prevalent on human
dietary consumptionhabits. Furthermore, this study is anticipated tomakea
meaningful contribution to the improvement and supplementation of
nutritional guidelines for baked foods and healthy diets, providing insights
into the intricate relationships among the Maillard reaction, sensory pre-
ferences and desires, and underlying biological mechanisms. Such
exploration is essential for a more comprehensive understanding of the
overall impact of dietary choices.

Results and discussion
Chemical composition
As shown in Table 1, the dry matter of baguette crust extracts (BCstE,
7.46mg/mL) was significantly lower than that of baguette crumb extracts
(BCmbE, 8.57mg/mL). The BCstE exhibited a higher concentration of
proteins (0.77mg/mL) and phenolic compounds (38.47 μg/mL). In con-
trast, BCmbE contained a greater amount of carbohydrates (5.95mg/mL)
and triglycerides (4.00mmol/L), along with a higher turbidity level (143.67
mAbs). This study determined that the main chemical components of

baguettes were carbohydrates and proteins, consistent with literature
reports22. However, the composition content was relatively lower compared
to what was reported in other studies, possibly due to the use of an aqueous
extraction method which might not have fully extracted the insoluble
components in bread. TheMaillard reaction had a significant impact on the
chemical composition of both the crust and crumb aqueous extracts. For
instance, during the high-temperature baking process, theMaillard reaction
caused a significant increase in soluble phenolic compounds, accompanied
by a notable reduction in insoluble phenolic compounds23. Baking sig-
nificantly reduced the carbohydrate content in food, possibly because car-
bohydrates underwent reactions such as the Maillard reaction with
proteins24. Therefore, further exploration of the variation in the Maillard
reaction degree between the crust and crumbwas crucial for understanding
the differences in composition.

Browning degree
Table 2 revealed distinct chromatic differences between the bread crust and
crumbpost-baking.The red-greendegree (a*) and yellow-bluedegree (b*) of
bread crust were higher than those of bread crumb, but the lightness value
(L*) of bread crust was lower than that of bread crumb. Furthermore, the
yellowing index of bread crust was notably higher than that of bread crumb.
As shown inTable 2 and Fig. 1, despite similar lightness values (L*) and red-
green degree (a*) between BCstE (baguette crust extract) and BCmbE
(baguette crumb extract), BCstE displayed a greater yellow-blue value (b*)
than BCmbEwith a significant difference. The yellowing index (YI), used as
amore specific color indexof theMaillard reaction (MR) inprocessed foods.
The yellowing index of BCstE (17.81) was higher than that of BCmbE
(10.61) with a significant difference, and these experimental findings are
consistent with those reported by Delgado-Andrade et al.25. The above
results indicated that the browning degree of bread crust was significantly
higher than that of bread crumb, emphasizing that the primary browning
occurs in the crust due to intense heat processing.

Color changes in baked goods occur mostly in the later stages of the
Maillard reaction. the research shows that the final stage of the Maillard
reaction products was darker in color than the early low molecular weight
Maillard reaction products5. Because a series of reactions can occur during
the heating process, such as cyclization, dehydration, rearrangement, iso-
merization and polymerization, and the final formation of nitrogenous
brown copolymer or polymer (melanoidins)7,8. Comparing the color and
browning intensity of crust and crumb extracts underscores that the
Maillard reaction is more pronounced in the crust.

Content of fluorescent AGEs
Table 3 revealed that three types of fluorescent advanced glycation end
products (AGEs)—specifically, glycosylated collagen, pentosidine, and
derivatives of pyrrole and imidazole –were detected in both the bread crust
and crumb. Notably, the concentrations of these AGEs were higher in the
bread crust compared to the crumb. AGEs are a complex group of com-
pounds that are formed throughMaillard reaction, a nonenzymatic reaction
between reducing sugars and free amino groups26. Within a certain range,
the accumulation ofAGEs is proportional to the degree ofMaillard reaction,
highlighting that Maillard reaction occurred, both in bread crust and bread
crumb, being more prevalent in the bread crust as well as in its extract.

The extraction efficiency of AGEs from both bread crust and crumb
was relatively low, with yields of 16–19% for glycosylated collagen, 20–27%
for pentosidine, and 24–25% for derivatives of pyrrole and imidazole, which

Table 1 | Chemical profile of the bread crust and crumb extracts

Sample Dry Matter (mg/mL) Protein (mg/mL) Carbohydrate (mg/mL) Triglyceride (mmol/L) Total phenol (μg/mL) Turbidity (mAbs)

BCstE 7.46 ± 0.07b 0.77 ± 0.03a 5.36 ± 0.12b 3.67 ± 0.15b 38.47 ± 0.79a 74.00 ± 1.00b

BCmbE 8.57 ± 0.05a 0.43 ± 0.02b 5.95 ± 0.06a 4.00 ± 0.02a 25.29 ± 0.40b 143.67 ± 2.08a

Reported values are the mean ± SD (n = 3). Values bearing different superscripts in the same column are significantly different (p < 0.05).
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were 4 to 5 times lower compared to their original levels in the bread crust
and crumb as detailed in Table 4. This discrepancy aligns with previously
observed differences, where the concentration of fluorescent Maillard
reactionproducts inwesternbreakfast cereal foodswasup to10 timeshigher
than in their corresponding extracts27, highlighting that extraction method

may influence the AGE yield.Moreover, digestion of bread crust powder by
streptomycin proteinase E solution may also affect the total fluorescent
AGEs recovered in digested extract28, which may explain the difference
between the extraction yield of fluorescent AGEs in the food matrix bread
(crumb and crust) and its extracts. While the fluorescence determination
method does not capture certain AGEs such as carboxymethyl-lysine, car-
boxyethyl-lysine, and pyrrolidine29,30, among others, it effectively highlights
the presence of AGEs in Baguette and illustrates the variation in their
distribution from crust to crumb.

Antioxidant capacity
The antioxidant capacity of BCstE was significantly greater than that of
BCmbE, which was measured by oxygen radical absorbance capacity
(ORAC), ABTS (2,2′-Azino-bis (3-ethylbenzthiazoline-6-sulfonic acid))
and ferric reducing antioxidant power (FRAP) assays (Fig. 2). Thedifference
in antioxidant capacity between bread crust and crumb ismainly due to the
difference in antioxidative products at different stages of the Maillard
reaction. Early Maillard reaction products seem to be not connected to
antioxidant capacity31. The substances that contribute antioxidant capacity
in bread are mainly products produced in the advanced and final stages of
the Maillard reaction, such as melanoidins, reducing ketones and volatile
heterocyclic compounds. Melanoidins were produced in the final stage of
Maillard reaction, which has long been considered the major MRPs with
high antioxidant properties7. This has been confirmed earlier in this paper
that the Maillard reaction occurred more extensive in bread crust than in
bread crumb, so the accumulation ofMaillard reactionproductswith strong
antioxidant power in the crust is higher than in the crumb. The previous
studies have shown that pronylated lysine is a novel proteinmodification in
bread crustmelanoidins showing in vitro antioxidative andhigh amounts in
the bread crust and low amounts in the crumb12, further substantiating the
experimental results of this study. As shown in Table 5, there was a sig-
nificant positive correlation between the results of the antioxidant capacity
of bread crust and crumbmeasured byORAC,ABTS and FRAP assays, and
a consistent trend was observed between the antioxidant capacity values of
bread crust and crumb, so they were all suitable for the determination of
antioxidant capacity of bread aqueous extracts.At the same time, therewas a
significant positive correlation among antioxidant capacity, browning
intensity (yellowing index), the content offluorescentAGEs and the content
of total phenolic.

Spatial distribution of antioxidant capacity and fluorescent AGEs
content in the cross-section of bread
As shown in Fig. 3, the antioxidant capacity and fluorescent AGEs content
gradually increased from the inside (crumb) to the outside (crust) of
baguettes. A positive correlationwas observed between antioxidant capacity
and fluorescent AGEs content. The analysis revealed that both the anti-
oxidant capacity and the content of fluorescent AGEs were significantly
reduced in parts J andK, located in the two end cross-sections, in contrast to
parts 12, 13, and 14, which are situated in the middle cross-sections. The
uneven distribution of antioxidant capacity and fluorescent AGEs content
in the bread cross-section may be attributed to the use of water vapor to
maintain oven temperature, which can lead to uneven temperature dis-
tribution. It’s likely that temperatures reach their peak at the oven’s bottom,
causing the middle section of the dough to adhere to the baking pan

Table 2 | Chromatic value and YI of the bread crust and crumb

Sample CIELab color Yellowing
index (YI)

L* a* b*

BCst 57.50 ± 0.80b 10.47 ± 1.00a 34.86 ± 0.58a 86.61 ± 0.24a

BCmb 66.43 ± 2.13a -1.74 ± 0.08c 15.69 ± 0.23b 33.75 ± 0.59b

BCstE 65.89 ± 0.98a -1.37 ± 0.07b 8.21 ± 0.02c 17.81 ± 0.32c

BCmbE 65.08 ± 0.18a -0.50 ± 0.01b 4.83 ± 0.03d 10.61 ± 0.10d

Reported values are themean ± SD (n = 3). Values bearingdifferent superscripts in the samecolumn
are significantly different (p < 0.05).

Fig. 1 | The picture of the bread crust and crumb extracts.

Table 3 | Fluorescent AGEs content in the BCst, BCmb, BCstE
and BCmbE

Sample Fluorescent AGEs content (AU)

Glycosylated
collagen

Pentosidine Pyrrole and
imidazole
derivatives

BCst 63770.0 ± 585.06a 54670.0 ± 272.21a 76880.0 ± 437.15a

BCmb 9911.0 ± 79.96b 13380.0 ± 68.74c 17170.0 ± 99.97c

BCstE 10374.0 ± 112.09b 14524.0 ± 108.89b 19212.0 ± 129.94b

BCmbE 1788.2 ± 6.69c 2802.0 ± 19.28d 4231.6 ± 33.35d

Reported values are themean ± SD (n = 3). Values bearingdifferent superscripts in the samecolumn
are significantly different (p < 0.05). AGEs: advanced glycation end products.

Table 4 | Extraction yield of fluorescent AGEs in the bread crust and crumb extracts

Sample extraction yield (%)

Glycosylated collagen Pentosidine Pyrrole and imidazole derivatives

BCstE 16.27 ± 0.04b 26.57 ± 0.07a 24.99 ± 0.05a

BCmbE 18.04 ± 0.08a 20.94 ± 0.06b 24.65 ± 0.07b

Reported values are the mean ± SD (n = 3). Values bearing different superscripts in the same column are significantly different (p < 0.05).
AGEs advanced glycation end products.
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throughout the baking process. Meanwhile, the bread’s end sections tend to
deform and slightly elevate as the heat ascends.

Cytotoxicity of bread crust and crumb extracts
As determined by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) method, the survival rate of macrophages in the pre-
sence of bread crust and crumb extracts at the tested concentrations was
more than 80%and less than 110%, indicating that the samples hadno acute
toxic effect onmacrophages, neither proliferation effect as shown in Fig. 4a.
Therefore, the samples (crust and crumb) within the current concentration
range are suitable for evaluating pro-inflammatory properties.

The disruption of cellular membrane integrity due to apoptosis or
necrosis leads to the leakage of enzymes, including the stable lactate dehy-
drogenase (LDH), from the cytoplasm into the culture medium. Quanti-
tative assessment of cytotoxicity can also be accomplished bymeasuring the
activity of LDH released from cells with compromised plasma membranes
into the culture medium32. As shown in Fig. 4b, bread crust and crumb
extracts also exhibited no toxic effect on macrophages at the tested con-
centrations, which was consistent with the results determined by the MTT
method. Surprisingly, the level of LDH in the cell supernatantwas decreased
in a concentration-dependent manner. Therefore, the LDH activity in the
cell supernatant was further determined. The LDH activity in the

supernatant was lower than that in the normal cell group and the LDH
activity in the supernatant decreased with the increase of sample con-
centrationafter 24 hof co-incubationof breadcrust and crumbextractswith
cells (Fig. 4c). The results seem to show that bread crust and crumb extracts
could mitigate natural cell damage under normal metabolism, exhibiting a
protective effect on RAW264.7 macrophages, possibly by changing the
permeability of cell membrane and leading to a decrease in lactate dehy-
drogenase activity in the cell supernatant. The observed experimental
phenomenon may be related to antioxidant capacity33,34.

Cellular antioxidant activity (CAA) of bread crust and crumb
extracts
In Fig. 5a, the intracellular antioxidant activity of both samples exhibited a
concentration-dependent trend. Specifically, the intracellular antioxidant
activity of bread crust extracts in RAW264.7macrophages was significantly
higher than that of bread crumb extracts (p < 0.05), which was consistent
with the resultsmeasured by the three chemical antioxidant assays (ORAC/
ABTS/FRAP). The antioxidant activity of bread crust and crumb extracts
was converted to an equivalent concentration of quercetin basedon its CAA
values, and the quercetin equivalents were determined to be 8.83 ±
0.52 μmol/g for BCstE and 2.21 ± 0.94 μmol/g for BCmbE, respectively.
Previous studies have employed various methods to compare the disparity
in antioxidant capacity between bread crust and bread crumb, indicating
that the crust exhibits higher antioxidant activity compared to the crumb,
which aligns with the trend observed in the experimental outcomes of this
study12,31,35. Notably, this study introduces the first application of CAA
method to assess the intracellular antioxidant activity of baguette crust and
crumb, providing a more accurate reflection of the bread’s biological
activity.

Cell membrane potential and mitochondrial superoxide of
RAW264.7 macrophages
Macrophages, key players in the immune system, exhibit cell membrane
potential and mitochondrial superoxide levels as critical indicators of their
viability and functional state, reflecting their health and physiological roles.
As depicted in Fig. 5b–f, incubation of RAW264.7macrophages with either
BCstE or BCmbE did not affect the green fluorescence emitted by
DiBAC4(3) on RAW264.7 macrophages, indicating neither BCstE nor
BCmbE affect the cell membrane potential (Vmem) of normal RAW264.7
macrophages, even at a high concentration (BCstE and BCmbE diluted 5
times, respectively). In the presence of AAPH (2,2′-azobis (2-amidinopro-
pane) dihydrochloride), the fluorescence of DiBAC4(3) in RAW264.7
macrophageswasnearly eliminated (Fig. 5b), indicating the risingVmemand
hyperpolarization of cytosolic membrane caused by AAPH-induced per-
oxyl radicals. Membrane hyperpolarization is known to be paralleled with
the activation of macrophage functions, i.e., NO production36. In contrast,
bothBCstE andBCmbE completely or partially restored theVmem inAAPH
insulted cells in a dose-dependent manner (Fig. 5c–f), counteracted the
membrane hyperpolarization caused by the extracellular peroxyl radicals.
The BCstE mitigated the peroxyl radical-induced cell membrane hyper-
polarization by 91% at a high concentration (sample diluted 5 times),
showing higher activities than the BCmbE. Therefore, BCstE and BCmbE
did not affect cytosolic membrane of normal macrophages, but could sig-
nificantly protect cytosolic membrane from AAPH-induced oxidative
damage.

Regardless of the influence on the intracellular or extracellular sti-
mulation ofmacrophages, themitochondrial reactive oxygen species (ROS)
levels serve as a sensitive indicator. The peroxyl radical-induced oxidative
stresses suppressed the mitochondrial oxygen respiration and caused a
decrease in mitochondrial ROS19. It is shown in Fig. 5b, g, incubation of
RAW264.7 macrophages with neither BCstE nor BCmbE affect the fluor-
escence of ROS-sensitive dye Mito-SOX Red (also named Mito-HE) in
RAW264.7 macrophages. However, in the presence of AAPH, a notable
reduction in the fluorescence of Mito-HE was observed, suggesting a
decrease in ROS levels within the mitochondria resulting from the

Fig. 2 | Antioxidant capacity of BCstE and BCmbE. Antioxidant capacity mea-
sured by ORAC (a), ABTS (b) and FRAP (c) assays. BCstE: baguette crust extracts,
BCmbE: baguette crumb extracts, ORAC: oxygen radical absorbance capacity,
ABTS: 2,2’-Azino-bis (3-ethylbenzthiazoline-6-sulfonic acid), FRAP: ferric redu-
cing antioxidant power, TE: Trolox equivalent, FE: Fe2+ equivalent. The results were
presented as mean ± SD based on triple measurements. Values followed by different
letters indicate significant differences (p ≤ 0.05) between different antioxidant
capacity using one-way ANOVA followed by Tukey’s test for post-hoc analysis.
Error bars refer to standard deviation.
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Table 5 | Correlation analysis of indicators in the bread crust and crumb extracts

Index Antioxidant capacity Fluorescent AGEs

ORAC ABTS FRAP Protein Carbohydrate TG TPC YI Glycosylated
collagen

Pentosidine Pyrrole and
imidazole
derivatives

ORAC 1.00

ABTS 0.98** 1.00

FRAP 0.85* 0.90* 1.00

Protein 0.92** 0.87* 0.59 1.00

Carbohydrate –0.24 –0.43 –0.31 –0.24 1.00

TG –0.61 –0.68 –0.821* –0.31 0.45 1.00

TPC 0.94** 0.99** 0.92** 0.82* –0.46 –0.67 1.00

YI 0.99** 0.99** 0.87* 0.90* –0.32 –0.60 0.97** 1.00

Glycosylated
collagen

0.99** 0.99** 0.91* 0.87* –0.29 –0.67 0.97** 0.99** 1.00

Pentosidine 0.99** 0.99** 0.89* 0.89* –0.32 –0.66 0.97** 0.99** 1.00** 1.00

Pyrrole and imidazole
derivatives

0.99** 0.99** 0.90* 0.88* –0.32 –0.66 0.98** 0.99** 1.00** 1.00** 1.00

ORAC oxygen radical absorbance capacity,ABTS 2,2′-Azino-bis (3-ethylbenzthiazoline-6-sulfonic acid), FRAP ferric reducing antioxidant power, TG triglyceride, TPC total phenolic contents,YI yellowing
index, AGEs advanced glycation end products.
*: p < 0.05;
**: p < 0.01.

Fig. 3 |Antioxidant capacity andfluorescentAGEs
heat map of the cross-section of baguette.
aAntioxidant capacity heatmap of themiddle part’s
cross-section (ORAC assay); (b) fluorescent AGEs
heat map of the middle part’s cross-section; (c)
antioxidant capacity heat map of cross-section at
both ends (ORAC assay); (d) fluorescent AGEs heat
map of cross-section at both ends. AGEs advanced
glycation end products, ORAC oxygen radical
absorbance capacity, TE Trolox equivalent.
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impairment of oxygen respiration in the organelle induced by AAPH
radicals. Incubation of RAW264.7 macrophages together with AAPH and
either BCstE or BCmbE completely or partially counteracted this suppres-
siononmitochondrial oxygen respiration in adose-dependentmanner. The
BCstEmitigated the suppression on the oxygen respiration inmitochondria
by up to 100% at a high concentration (BCstE diluted 5 times), whereas the
BCmbE mitigated this suppression by up to 79% at a high concentration
(BCmbE diluted 5 times). Hence, it can be concluded that BCstE exhibited
higher activities compared to BCmbE.

Inflammatory factors in supernatant of RAW264.7 macrophages
As shown in Table 6, within a certain concentration range, neither BCstE
nor BCmbE induced the production of IL-1β and IL-6, and the BCmbE did
not induce the production of TNF-α. However, the BCstE was found to
induce TNF-α level in RAW264.7 macrophages when diluted 5–40 times,
indicating that the BCstE causes a slight inflammatory response in these
macrophages. However, it neither promotes nor inhibits the production of
IL-1β and IL-6 under standard conditions.

Two assumptions are proposed based on the experimental results:
(1) a large number of AGEs in the BCstE can disrupt the balance of
oxidative stress in cells through the receptors for advanced glycation end
products (RAGEs), leading to an increase in the secretion level of pro-
inflammatory cytokine TNF-α37. However, the fluorescent AGEs con-
tent in BCmbE is significantly lower than that in BCstE, which did not
translate into an obvious effect on the release of TNF-α bymacrophages.

Although the previous experiments confirmed that BCstE exhibited
intracellular antioxidant activity, it was observed over a short period of
time, and its prevalence in the medium may not be sufficient to coun-
teract the oxidative stress effects of AGEs present in this extract on
RAW264.7macrophages.Moreover, it is also known that the fluorescent
determination of AGES does not consider the non-fluorescent, includ-
ing both non-cross-linking and cross-linking AGEs which can have a
distinct effect. (2) The presence of gluten protein in the BCstE induces
the production of TNF-α, leading to systemic inflammation. The pos-
sible reason is that gluten protein triggers adaptive immune responses
mediated by CD4+Th1 cells and innate immune responses mediated by
intraepithelial lymphocytes, which damage intestinal epithelial inflam-
matory cells38. Crust extract does indeed show a higher content of pro-
tein, but it does not specify whether this attribute is related to gluten
protein. Both explanations could potentially work in synergy, resulting
in the observed effects.

Inflammatory factors in supernatant of RAW264.7 macrophages
co-incubated with lipopolysaccharide
To explore whether bread water extract can inhibit the production of IL-1β
and IL-6 in macrophages under stress, an experiment was conducted to
observe the effect of samples on the inflammatory factors released by cells
stimulated by lipopolysaccharide (LPS), a known stimulant of immune
responses.

According to Table 7, RAW264.7 macrophages exhibited an inflam-
matory response with the cells releasing 26.11 pg/mL IL-1β and
39.53 pg/mL IL-6 when stimulated by LPS. LPS can induce RAW264.7
macrophages to generate free radicals, leading to oxidative damage to cells
and consequently promoting the expression and release of inflammatory
factors. Both BCstE and BCmbE exhibited varying degrees of inhibitory
effects on the production of IL-1β and IL-6 by RAW264.7 macrophages.
This can be attributed to their capacity to express intracellular antioxidant
activity, whichmitigates the inflammatory response caused byROS, thereby
reducing the release of IL-1β and IL-6.

However, as the concentration decreased, the inhibitory effects of
BCstE and BCmbE on the production of IL-1β and IL-6 increased, with
BCstE showing a less pronounced inhibition compared to BCmbE. The
underlying reason for the crumb extract’s significant inhibitory effect
remains unclear, sparking curiosity among researchers.

Methods
Materials
High gluten flour (Weifang Fengzheng Flour Co., Ltd., Shandong,
China). Instant dry yeast and bread improver (Angel Yeast Co., Ltd.,
Hubei, China). 96-well plate with clear/black well, T-75 and T-25 cell
culture flask were obtained from Corning Incorporated (New York,
USA). Phosphate buffer saline (PBS), Hanks’ balanced salt solution
(HBSS), fetal bovine serum (FBS), Dulbecco’s modified Eagle medium
(DMEM), penicillin-streptomycin, 0.25% Trypsin-EDTA were pur-
chased from GIBCO (Grand Island, NY, USA). Triglyceride (TG) kit,
Lactate dehydrogenase (LDH) assay kit and LDH were purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). LDH
cytotoxicity assay kit, human IFN-α/IFN-β/IFN-γ ELISA kit, bicinch-
oninic acid (BCA) kit, total antioxidant capacity (T-AOC) assay kit with
ABTS method and T-AOC assay kit with FRAPmethod were purchased
from Beyotime Biotechnology (Shanghai, China). MTT, 2’,7’-dichlor-
ofluorescein diacetate (DCFH-DA, ≥97% purity), 2,2’-azobis (2-ami-
dinopropane) dihydrochloride (AAPH), dimethyl sulfoxide (DMSO),
Trolox (≥98% purity by HPLC), quercetin dihydrate (≥98% purity by
HPLC), Nile Red, DiBAC4(3), Mito-SOX Red were purchased from the
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). High purity deio-
nized water obtained using a Millipore Milli-Q Academic deionizer
system (resistivity 18.2MΩ cm, Bedford,MA,USA). All other chemicals
and solvents used were of AR grade and purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China).

Fig. 4 | Cytotoxicity of bread crust and crumb extracts. a Cytotoxicity of bread
crust and crumb extracts in RAW264.7 macrophages was determined by MTT
method (The solid line in the figure indicates that the cell survival rate is 100%, and
the dotted line indicates that the cell survival rate is 80%); (b) LDH toxic effects of
bread crust and crumb extracts in RAW264.7 macrophages; (c) the activity of LDH
in the cell supernatant after the sample was co-cultured with RAW264.7 macro-
phages for 24 h. MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide, LDH lactate dehydrogenase. The results were presented as mean ± SD based
on triple measurements. Different letters indicate significant differences (p ≤ 0.05)
using one-way ANOVA followed by Tukey’s test for post-hoc analysis, *p < 0.05.
Error bars refer to standard deviation.
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Fig. 5 | Cellular antioxidant activity of BCstE and BCmbE and effects of BCstE
and BCmbE on cell membrane potential and mitochondrial superoxide level in
RAW264.7 macrophages. a Cellular antioxidant activity of BCstE and BCmbE in
RAW264.7 macrophages; (b) effects of BCstE and BCmbE on the membrane
potential of cells plasma (indicated with green fluorescence of DiBAC4(3)) and
mitochondrial superoxide (indicated with red fluorescence of MitoSOX) of
RAW264.7 macrophages; (c–f) effects of BCstE and BCmbE on the membrane

potential of RAW264.7 macrophages; (g) effects of BCstE and BCmbE on the
mitochondrial superoxide level of RAW264.7 macrophages. BCstE baguette crust
extracts, BCmbE baguette crumb extracts, AAPH 2,2′-azobis (2-amidinopropane)
dihydrochloride. The results were presented as mean ± SD based on triple mea-
surements. Different letters indicate significant differences using one-way ANOVA
followed by Tukey’s test for post-hoc analysis, *: p < 0.05 vs Control, #: p < 0.05 vs
AAPH. Error bars refer to standard deviation.
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Samples preparation
Forbaguettemaking, thedough formulawas 450 gflour, 4 gdry yeast, 2.25 g
bread improver, 4.5 g salt and 342 g water. The ingredients were mixed in a
mixer (HK-TU10L, Shanghai Baker ‘s KingdomCo., Ltd., Shanghai, China)
for 10min at medium speed. After a 3.5 h fermentation period, the dough
was gently sheeted into its final form and then placed into a steam oven
(SM2-522, SinmagMachineryCo., Ltd., Jiangsu,China)preheated to 230 °C
for 30min. Subsequent to baking process, the baguette was left to stand for
24 h at room temperature, and then kept frozen (at –20 °C) until analysis1,3.

As shown in Fig. 6a, b, 2 cm parts from 2 cm away from the end and
4 cm parts in the midpoint of the entire baguette were cut, and the pre-
liminary baguette crust and crumb samples were separated, respectively.
After ventilation and drying at 25 °C, the preliminary baguette crust and
crumb were dried and then ground in a mill and screened through a
0.15mm sieve to obtain powdered baguette crust (BCst) and baguette
crumb (BCmb), stored at –20 °C.

The baguette crust extracts (BCstE) and baguette crumb extracts
(BCmbE) were prepared optimally by following the recommended
material-to-water ratio and vortex oscillation time, according to a previous
study39. Briefly, 3 g powdered baguette crust or crumb was mixed with
30mLdeionizedwater, respectively, and vortexed for 30min and placed for
30min at room temperature. The supernatant infusion was obtained by
centrifuging the mixture for 15min at 5813 g and 25 °C. Subsequently, the
resulting BCstE and BCmbE were carefully collected and stored at 4 °C for
preservation. Each extract was then transferred to a pre-weighed glass dish
with a 9 cmdiameter and subjected to drying at 105 °C for 3 h to determine
the dry weight.

Physicochemical characterization
Protein content was determined by using a bicinchoninic acid (BCA) kit
with bovine serum albumin (BSA) as the standard sample. The content of
carbohydrate concentration was determined by the anthrone-sulfuric acid
assay, using glucose as the standard40. Triglyceride (TG) content was
determined by TG kit withGPO-PAP assay. Total phenolic contents (TPC)
was determined by using the Folin-Ciocalteau reagent41. The turbidity of

extraction was determined with an UV/VIS spectrophotometer (UV-5100,
HITACHI, Tokyo, Japan) at 600 nm42.

Evaluation of browning intensity
The color of baguette samples was determined using a ChromaMeter (CR-
400, Konica Minolta, Tokyo, Japan) according to the CIELab scale. The
CIELab color scale, developed by the International Commission on Illu-
mination, is a color space that describes all the colors visible to the human
eye. Color was expressed in L*, a*, b* Hunter scale parameters: L* or
Luminance (0 to 100), a* or coloring from green to red (-120 to 120), b* or
coloring from blue to yellow (-120 to 120). The browning intensity was
indicated by the yellowing index (YI)43, which was calculated using the
following Eq. (1).

YI ¼ 142:86b�=L� ð1Þ

Measurement of fluorescent AGEs
Measurement of fluorescent AGEs was using fluorescence assays44,45. 3 g
powdered baguette crust or crumb was mixed with 30mL Tris-HCl buffer
(pH = 7.5) containing 36mg streptomycin proteinase E, 150mg sodium
dodecyl sulfate and 44.1 mg CaCl2, and then was digested by shaking in a
shaker at 30 °C for 36 h. The dispersions were centrifuged at 4500 × g for
10min at 4 °C, and the supernatants were diluted with ultrapure water for
further analysis. The solution was measured by fluorescence spectro-
photometry at excitation/emission wavelengths of 370/440 nm (glycosy-
lated collagen), 330/420 nm (pyrrole and imidazole derivatives) and 335/
385 nm (pentosidine), respectively. The parameters of the fluorescence

Table 6 | Inflammatory factors in the supernatant of RAW264.7
macrophages after incubating with BCstE or BCmbE

Sample TNF-α/(pg/mL) IL-1β/(pg/mL) IL-6/(pg/mL)

Control ND ND ND

BCstE(1:5) 3.02 ± 1.56 ND ND

BCstE(1:40) 3.20 ± 2.07 ND ND

BCmbE(1:5) ND ND ND

BCmbE(1:40) ND ND ND

“ND” indicates that not detected.

Table 7 | Inflammatory factors in the cell supernatant after
incubating of RAW264.7 macrophages together with LPS and
BCstE or BCmbE

Sample IL-1β/(pg/mL) IL-6/(pg/mL)

LPS 26.11 ± 13.84a 39.53 ± 3.55a

BCstE (1:5)+ LPS 18.05 ± 2.42b 16.18 ± 2.29b

BCstE (1:40)+ LPS 7.80 ± 5.72c 4.53 ± 7.86c

BCmbE (1:5)+ LPS 2.97 ± 4.01c ND

BCmbE (1:40)+ LPS 1.75 ± 3.47c ND

LPS lipopolysaccharide.
“ND” indicates that not detected. Reported values are the mean ± SD (n = 3). Values bearing
different superscripts in the same column are significantly different (p < 0.05).

Fig. 6 | Schematic diagram of the sampling sites. a The sampling sites of crust and
crumb sample of baguette cross-section; (b) the sampling sites of themiddle and two
end parts of baguette; (c) the sampling sites of the middle cross-section of baguette
(different numbers represent different sampling sites); (d) the sampling sites of two
end cross-sections of baguette (different letters represent different sampling sites).
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spectrophotometer were set as: the voltage of the photomultiplier tube was
700 V, the response time was 0.5 s, the slit width was 5.0 nm on the exci-
tation side and 5.0 nm on the emission side, and the scanning mode was
time scanning for 20 s.

Determination of antioxidant activities
Antioxidant activities of BCstE and BCmbE were assessed with by the
following methods: (i) oxygen radical absorbance capacity (ORAC) assay,
(ii) total antioxidant capacity (T-AOC)assaykitwithABTSmethodand (iii)
T-AOC assay kit with FRAP method.

ORAC assay was carried out according to a previous method with
slight modifications18. 25 µL of samples diluted by phosphate buffer
(75mM, pH = 7.4) and Trolox standard solutions (3.125, 6.25, 12.5, 25, 50,
100 µM) were added to clear 96-well plates in triplicate, followed by 150 µL
sodium fluorescein (8.61 × 10-5mM) to each well. After the incubation at
37 °C for 15min, AAPH (152.66mM, 25 μL) were added to initiate the
oxidation reaction, while the phosphate buffer was set as blank. The
fluorescence intensity was recorded every 2min for 180min at Ex485 nm
andEm520nm, respectively (FlexStation3PlateReader,MolecularDevices,
Sunnyvale, CA, USA). The data were expressed as TE µmol/g of samples
according to the Eq. (2) as below:

ORAC value ðTE μmol=gÞ ¼ Trolox equivalent=Dry weight of sample

ð2Þ

Spatial distributions of antioxidant capacity and fluorescent
AGEs in baguette cross-sections
The spatial distributions of antioxidant capacity and fluorescent AGEs were
achieved by grid sampling in baguette cross-sections. As shown in Fig. 6b,
themiddle and two endparts of baguette were carefully separated by a knife.
The sampling schematic diagram of the transverse and longitudinal iso-
metric sections of baguette as shown in Fig. 6c, d. The middle cross-section
was divided into 5 transverse isometric parts and 3 longitudinal isometric
parts, with different sampling sites labeled by numbers 1-15. The two end
cross-sections were divided into 4 transverse isometric parts and 3 long-
itudinal isometric parts, with different sampling sites labeled by letters A-L.
Then the antioxidant capacity and fluorescent AGEs content of samples
were determined, respectively. The fluorescent AGEs were determined by
fluorescence assay44,45 and determination of antioxidant capacity was using
ORAC assay18.

Cell culture
RAW 264.7 macrophages (Shanghai Institute of Life Sciences, Chinese
Academy of Science, China) were grown at standard cell culture conditions
(5% CO2, 37 °C) in a T-75 cell culture flask with Dulbecco’s modified Eagle
medium (DMEM), supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin. Cells between passages 10 and 20 were used in
this study.

Determination of cytotoxicity
Cytotoxicity of BCstE and BCmbE was determined by MTT assay46. RAW
264.7macrophages were seeded in 96-well plates. After incubation for 24 h,
the cell culturemediumwas removed andwashedoncewithHBSS. Samples
were diluted to appropriate gradient concentrations with complete DMEM.
Adding 200 μL of the diluted samples to 96-well cell culture plates and
setting control wells and zeroing wells. Following another 24 h incubation,
the cellmorphologywas observed under an invertedmicroscope (DMI3000
B, Leica,Wetzlar, Germany). 20 µL of solution (5mg/mL) was added to the
wells, followed by a further 3 h incubation in the dark. The cell culture
medium with MTT was removed and washed twice with HBSS. 200 µL of
dimethyl sulfoxide (DMSO) was added to the wells, and the plate was
shaken on an oscillator for 10min. The absorbance at 570 nmwas recorded
using a FlexStation 3 Plate Reader for measuring cell viability.

Cytotoxicity of BCstE and BCmbEwas also determined by LDH assay.
RAW264.7macrophageswere initially seeded in 96-well plates. Following a
24 h incubation period, the cell culture supernatant was collected and
subjected to detection using an LDH cytotoxicity detection kit. The pro-
cedure strictly adhered to the instructions provided with the kit to ensure
accuracy and reliability in the cytotoxicity assessment.

CAA assay
The CAA assay was carried out following the method of reference47. RAW
264.7 macrophages were plated (6.0 × 104 cell/well) in 200 μL cell culture
media/well in 96-well black. After incubation for 24 h, the cell culture
mediumwas removed and washed twice with HBSS. Samples and standard
substance (Quercetin) were diluted to appropriate gradient concentrations
with completeDMEM. The diluted samples or standard substance (100 μL)
and DCFH-DA (50 μM, 100 μL) were added to each well in triplicate wells,
and control wells and blank wells were set up. After 1 h incubation at 37 °C,
RAW 264.7 macrophages were washed once by HBSS. Then 100 μL of
AAPH (600 μM) was added to the wells and the plate was immediately
placed in a FlexStation 3 Plate Reader. Real-time fluorescence was read
initially and every fiveminutes after for 1 hwith an excitationwavelength of
485 nm and an emission wavelength of 538 nm. Control wells were treated
with DCFH-DA and AAPH without antioxidants, while blank wells were
treated with DCFH-DA without AAPH and antioxidants. area under the
fluorescence curve (AUC) was calculated with GraphPad Prism 5.0. Anti-
oxidant activity was expressed as µmol/g quercetin equivalents using the
linear regression value obtained from the quercetin calibration curve
(y = 0.055x+ 0.3326, R2 = 0.9907). The result was calculated using the fol-
lowing Eq. (3).

CAAunit ¼ 1� AUCsample

AUCcontrol

� �
× 100 ð3Þ

Cell membrane potential and mitochondrial superoxide
determination
RAW264.7macrophageswere seeded in 96-well blackplates at 2 × 104 cells/
well. After incubation for 24 h, the wells were washed twice with HBSS, and
thenMito-SOX Red (200 µL, 3 μM in HBSS) was added to each well which
at 37 °C for 10min. 100 µL of 5 µMDiBAC4 (3) was added to eachwell and
incubated for 15min. Baguette samples (50 μL/well) were added at three
ratios withHBSS as the negative control. AAPHwas added into eachwell as
the positive control group to reach a final concentration of 6.4mM. Put the
96-well plate into FlexStation 3 Plate Reader and read the data every 10min
for 120min at 37 °C. The excitation and emissionwavelength forMito-SOX
Redwas set at Ex510 nm and Em580 nm, and that of DiBAC4(3) was set at
Ex493 nm and Em516 nm. The fluorescent micrographs were captured
immediately following the fluorometric measurement using an inverted
microscope (DMI3000 B, Leica, Wetzlar, Germany). Ex515-560 nm and
Em590 nm were used for Mito-SOX Red, Ex450-490 nm and Em516 nm
were used for DiBAC4(3)19. Duplicates of the above tests were performed to
calculate the membrane potential and mitochondrial superoxide levels.

Inflammatory cytokines determination
RAW264.7macrophageswere seeded in 12-well plates.After incubation for
24 h, the cell culture supernatant was removed. 1 mL of BCstE diluted with
DMEM (BCstE/DMEM= 1:5, BCstE/DMEM= 1:40) was added, setting up
a control group. BCmbE was treated in the same manner. After co-culture
for 24 h, the cell supernatant was collected and the levels of TNF-α, IL-1β
and IL-6were detected byELISAkits. To determine the effect of the samples
on the inflammatory factors released by cells stimulated by lipopoly-
saccharide (LPS), the cells were seeded in 12-well plates and cultured for
24 h. After removing the cell culture supernatant, 500 μL of 40 μg/mL LPS
diluted with DMEM was added, and the cells were cultured for 1 h in the
incubator. Adding 500 μL of BCstE and BCmbE diluted 5-fold/40-fold with
DMEM respectively and setting a positive control group (500 μL each
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DMEM and LPS, the specific operation steps were consistent with the
sample group). After co-incubated for 24 h, the supernatant of cells was
collected and the levels of IL-1β and IL-6 were determined by ELISA kits.

Statistical analysis
All experiments were performed at least three times to ensure reproduci-
bility and reliability. Statistical analysis was conducted using GraphPad
Prism version 5.0 and SPSS version 27.0. Significant differences were
determined by using one-way analysis of variance (ANOVA) followed by
Tukey’s test. P < 0.05 was considered statistically significant.

Data availability
The authors declare that the data supporting the findings of this study are
available within the article.

Received: 14 January 2024; Accepted: 22 August 2024;

References
1. Rashidi, A., HadiNezhad, M., Rajabzadeh, N., Yarmand, M.-S. &

Nemati, S. Frozen baguette bread dough I. Rheological behavior
during storage. J. Cereal Sci. 72, 24–29 (2016).

2. Jouquand, C. et al. Effects of maillard reaction products on sensory
andnutritional qualities of the traditional Frenchbaguette.J. FoodSci.
83, 2424–2431 (2018).

3. Bosmans, G.M., Lagrain, B., Fierens, E. &Delcour, J. A. The impact of
baking time and bread storage temperature on bread crumb
properties. Food Chem. 141, 3301–3308 (2013).

4. Castro, W., Oblitas, J., Chuquizuta, T. & Avila-George, H. Application
of image analysis to optimization of the bread-making process based
on the acceptability of the crust color. J. Cereal Sci. 74,
194–199 (2017).

5. Starowicz, M. & Zieliński, H. How maillard reaction influences
sensorial properties (color, flavor and texture) of food products? Food
Rev. Int. 35, 707–725 (2019).

6. ALjahdali, N. & Carbonero, F. Impact of Maillard reaction products on
nutrition and health: Current knowledge and need to understand their
fate in the human digestive system. Crit. Rev. Food Sci. Nutr. 59,
474–487 (2019).

7. Shakoor,A., Zhang,C., Xie, J. &Yang,X.Maillard reactionchemistry in
formation of critical intermediates and flavour compounds and their
antioxidant properties. Food Chem. 393, 133416 (2022).

8. Moreira, A. S., Nunes, F. M., Domingues, M. R. & Coimbra, M. A.
Coffee melanoidins: Structures, mechanisms of formation and
potential health impacts. Food Funct. 3, 903–915 (2012).

9. Mesías, M. & Delgado-Andrade, C. Melanoidins as a potential
functional food ingredient. Curr. Opin. Food Sci. 14, 37–42 (2017).

10. Helou, C. et al. Insights into bread melanoidins: fate in the upper
digestive tract and impact on the gut microbiota using in vitro
systems. Food Funct. 6, 3737–3745 (2015).

11. Helou, C. et al. Fecal excretion of Maillard reaction products and the
gut microbiota composition of rats fed with bread crust or bread
crumb. Food Funct. 8, 2722–2730 (2017).

12. Lindenmeier, M., Faist, V. & Hofmann, T. Structural and functional
characterization of pronyl-lysine, a novel proteinmodification in bread
crustmelanoidins showing in vitro antioxidative andphase I/II enzyme
modulating activity. J. Agric Food Chem. 50, 6997–7004 (2002).

13. Mottram, D. S., Wedzicha, B. L. & Dodson, A. T. Acrylamide is formed
in the Maillard reaction. Nature 419, 448–449 (2002).

14. Burrows, K. et al. Association of poorer dietary quality and higher
dietary inflammation with greater symptom severity in depressed
individuals with appetite loss. J. Affect. Disord. 263, 99–106 (2020).

15. Simmons, W. K. et al. Appetite changes reveal depression subgroups
with distinct endocrine, metabolic, and immune states.Mol.
Psychiatry 25, 1457–1468 (2020).

16. Liang, L., Zhou, C., Zhang, Y. & Sun, B. Effect of welsh onion on taste
components and sensory characteristics of porcine bone soup.
Foods 10, 2968 (2021).

17. Wu, W. et al. Preparation process optimization of pig bone collagen
peptide-calcium chelate using response surfacemethodology and its
structural characterization and stability analysis. Food Chem. 284,
80–89 (2019).

18. Wang, H. et al. Isolation of colloidal particles from porcine bone soup
and their interaction with murine peritoneal macrophage. J. Funct.
Foods 54, 403–411 (2019).

19. Ke, L. et al. Direct interaction of food derived colloidal micro/nano-
particles with oral macrophages. NPJ Sci. Food 1, 3 (2017).

20. Yu, Z. et al. Food nanoparticles from rice vinegar: isolation,
characterization, and antioxidant activities. NPJ Sci. Food 6, 1
(2022).

21. Murray, P. J. & Wynn, T. A. Protective and pathogenic functions of
macrophage subsets. Nat. Rev. Immunol. 11, 723–737 (2011).

22. Altamirano-Fortoul, R. & Rosell, C. M. Physico-chemical changes in
breads from bake off technologies during storage. LWT - Food Sci.
Technol. 44, 631–636 (2011).

23. Acquistucci, R., Melini, V., Garaguso, I. & Nobili, F. Effect of bread
making process on bioactive molecules in durum wheat bread and
assessment of antioxidant properties by Caco-2 cell culturemodel. J.
Cereal Sci. 83, 188–195 (2018).

24. Vanin, F. M., Lucas, T. & Trystram, G. Crust formation and its role
during bread baking. Trends Food Sci. Technol. 20, 333–343
(2009).

25. Delgado-Andrade, C. et al. Effects of diets supplemented with MRPs
from bread crust on the food intake and body weights in rats. Food
Funct. 4, 1016–1022 (2013).

26. Sharma, C., Kaur, A., Thind, S. S., Singh, B. & Raina, S. Advanced
glycation End-products (AGEs): an emerging concern for processed
food industries. J. Food Sci. Technol. 52, 7561–7576 (2015).

27. Delgado-Andrade, C., Rufian-Henares, J. A. &Morales, F. J. Study on
fluorescence of Maillard reaction compounds in breakfast cereals.
Mol. Nutr. Food Res 50, 799–804 (2006).

28. Jia, B., Yuan, X. & Fan, Z. Water-soluble advanced glycation end
products from bread crust cause oxidative damage to human kidney
tubular epithelial cells. Food Sci. 39, 136–141 (2018).

29. Singh, R., Barden, A. & Mori, T. Advanced glycation end-products: A
review. Diabetologia 44, 129–146 (2001).

30. Takeuchi, M. & Makita, Z. Alternative routes for the formation of
immunochemically distinct advanced glycation end-products in vivo.
Curr. Mol. Med. 1, 305–315 (2001).

31. Michalska, A., Amigo-Benavent, M., Zielinski, H. & del Castillo, M. D.
Effect of bread making on formation of Maillard reaction products
contributing to the overall antioxidant activity of rye bread. J. Cereal
Sci. 48, 123–132 (2008).

32. Weyermann, J., Lochmann, D. & Zimmer, A. A practical note on the
use of cytotoxicity assays. Int J. Pharm. 288, 369–376 (2005).

33. Yao, H. et al. Pretreatment with panaxatriol saponin attenuates
mitochondrial apoptosis and oxidative stress to facilitate treatment of
myocardial ischemia-reperfusion injury via the regulation of Keap1/
Nrf2 activity. Oxid. Med Cell Longev. 2022, 9626703 (2022).

34. Fang, T. et al. Enzymatic degradation of gracilariopsis lemaneiformis
polysaccharide and the antioxidant activity of its degradation
products. Mar. Drugs 19, 270 (2021).

35. Çelik, E. E. & Gökmen, V. Effects of fermentation and heat treatments
on bound-ferulic acid content and total antioxidant capacity of bread
crust-like systems made of different whole grain flours. J. Cereal Sci.
93, 102978 (2020).

36. Garedew, A., Henderson, S. O. & Moncada, S. Activated
macrophages utilize glycolytic ATP to maintain mitochondrial
membrane potential and prevent apoptotic cell death. Cell Death
Differ. 24, 1132 (2017).

https://doi.org/10.1038/s41538-024-00302-w Article

npj Science of Food |            (2024) 8:63 10

www.nature.com/npjscifood


37. Arias, M. et al. Gut microbiota and systemic inflammation changes
after bread consumption: The ingredients and the processing
influence. J. Funct. Foods 32, 98–105 (2017).

38. Wieser, H. Chemistry of gluten proteins. Food Microbiol 24,
115–119 (2007).

39. Ke, L. et al. Interaction of acrylamide with micelles in French fry
aqueous extracts. Food Control 110, 106974 (2020).

40. Pons, A. et al. A method for the simultaneous determination of total
carbohydrate and glycerol in biological samples with the anthrone
reagent. J. Biochem Biophys. Methods 4, 227–231 (1981).

41. Atala, E., Aspée, A., Speisky, H., Lissi, E. & López-Alarcón, C.
Antioxidant capacity of phenolic compounds in acidic medium: A
pyrogallol red-based ORAC (oxygen radical absorbance capacity)
assay. J. Food Compos. Anal. 32, 116–125 (2013).

42. Ke, L. et al. Catalase to demulsify oil-in-water fish oil-polysorbate
emulsion and affect lipid oxidation. FoodRes. Int. 133, 109169 (2020).

43. Delgado-Andrade, C., Seiquer, I., Haro, A., Castellano, R. & Navarro,
M. P. Development of the Maillard reaction in foods cooked by
different techniques. Intake of Maillard-derived compounds. Food
Chem. 122, 145–153 (2010).

44. Suehiro,A.,Uchida,K.,Nakanishi,M.&Wakabayashi, I.Measurement
of urinary advanced glycation end-products (AGEs) using a
fluorescence assay for metabolic syndrome-related screening tests.
Diabetes Metab. Syndr. 10, S110–S113 (2016).

45. Morales, F. J. & Boekel, M. A. J. S. V. A study on advanced Maillard
reaction in heated casein/sugar solutions: Fluorescence
accumulation. Int. Dairy J. 7, 675–683 (1997).

46. Lau, H. et al. Evaluation of anti-inflammatory effects of celery leaf and
stem extracts in LPS-induced RAW 264.7 cells using nitric oxide
assay and LC-MS based metabolomics. Curr. Issues Mol. Biol. 43,
1876–1888 (2021).

47. Zhou, J. et al. Influences of calcium and magnesium ions on cellular
antioxidantactivity (CAA)determination.FoodChem.320, 126625 (2020).

Acknowledgements
This work was supported by Science Innovation 2030 - Brain Science and
Brain-Inspired Intelligence Technology Major Project #2021ZD0201100
Task 1 #2021ZD0201101 and the China Scholarship Council Program (No.
202208330081). Wewould like to express our gratitude to Fundação para a
Ciência e a Tecnologia (FCT)/MCTES for the support to the research unit
LAQV-REQUIMTE (10.54499/LA/P/0008/2020, 10.54499/UIDP/50006/
2020, 10.54499/UIDB/50006/2020), which includes the research contract
funding for Filipe Coreta-Gomes.

Author contributions
J.Z.: Investigation, Data curation, Methodology, Writing original draft. Z.Y.:
Funding acquisition, Methodology, Validation, Writing—review & editing.
F.H.: Data collection and analysis. S.L.: Data collection and analysis. F.M.C.-
G.:Writing—review&editing. L.K.:Conceptualization,Supervision,Writing—
review & editing. H.G.: Funding acquisition, Supervision, Writing—review.
P.W.: Conceptualization, Supervision, Writing—review & editing.

Competing interests
Theauthorsdeclare that theyhavenoknowncompetingfinancial interestsor
personal relationships that could have appeared to influence the work
reported in this paper. LK is Associate Editor of npj Science of Food. LKwas
not involved in the journal’s review of, or decisions related to, this
manuscript.

Additional information
Correspondence and requests for materials should be addressed to
Lijing Ke or Huaiyu Gu.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’snoteSpringerNature remainsneutralwith regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s41538-024-00302-w Article

npj Science of Food |            (2024) 8:63 11

http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/npjscifood

	Spatial distribution of antioxidant activity in baguette and its modulation of proinflammatory cytokines in RAW264.7 macrophages
	Results and discussion
	Chemical composition
	Browning degree
	Content of fluorescent AGEs
	Antioxidant capacity
	Spatial distribution of antioxidant capacity and fluorescent AGEs content in the cross-section of bread
	Cytotoxicity of bread crust and crumb extracts
	Cellular antioxidant activity (CAA) of bread crust and crumb extracts
	Cell membrane potential and mitochondrial superoxide of RAW264.7 macrophages
	Inflammatory factors in supernatant of RAW264.7 macrophages
	Inflammatory factors in supernatant of RAW264.7 macrophages co-incubated with lipopolysaccharide

	Methods
	Materials
	Samples preparation
	Physicochemical characterization
	Evaluation of browning intensity
	Measurement of fluorescent AGEs
	Determination of antioxidant activities
	Spatial distributions of antioxidant capacity and fluorescent AGEs in baguette cross-sections
	Cell culture
	Determination of cytotoxicity
	CAA assay
	Cell membrane potential and mitochondrial superoxide determination
	Inflammatory cytokines determination
	Statistical analysis

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




