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Arginine Maillard reaction products
recovered damaged immune cells
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Instant noodle has been an initiating point for food industry in many countries, and it continues to be a
beloved convenient food in the world. However, some products cause discomfort after consumption
despite full compliance in both ingredients and processing methods. It has not only resulted in serious
consumer misunderstanding but also affect the industry as well. A simple solution possibly lies in
nowhere but its soup which uses Maillard reaction products as flavoring agents. Arginine-Glucose
Maillard reaction products (Arg-Glc MRPs) have been demonstrated to be antioxidant and anti-
inflammatory, which can be useful to remove food caused discomfort. Here we show that Arg-Gic
MRPs neither produced significant cytotoxicity nor caused oxidative stress in RAW264.7
macrophages. In theF APPH-induced oxidative damage model, they remarkably reduced cytoplasmic
ROS and O; ", and restored the polarization of cytoplasmic membrane potential and mitochondrial
membrane potential while enhancing the phagocytic function of normal cells and oxidatively damaged
cells. Those in vitro results indicate that the usage of Arg-Glc MRPs in the soup can be a promising

solution to discomfort problems.

Instant noodle is a phenomenon invention in the history of convenient food.
It has been a seed that is instrumental for the formation and development of
food processing industry in countries all over Asia and other parts of the
world. The surprise and awe of first experience of enjoying it remain vivid in
many consumers’ memory for its novelty in convenience and prominent
taste beyond expectation in comparison with home-made noodle. In fact,
the earliest versions of instant noodle are marketed as snack food in Japan,
China and many countries, which echoes its huge past impact on genera-
tions of consumers.

Despite its glorious past, instant noodle has been falling off consumer’s
favor countries with the increase of per capital income rise'”. For example,
instant noodle sale has plateaued since 2004 in China regardless of the
explosive increase of its most frequent consumption points such as a long
trains journey’. Meanwhile criticism and claims of its health risks have been
flooded all over the media, vilifying it in the top list of ultra processed food to
avoid. Facing the current difficult situation, the industry defends itself with
the existing science of perfect compliance in terms of both ingredients and
processing methods, with limited influence to defuse public concerns. The
association of instant noodle consumption with many metabolic syndromes
is a subject for discussion, far from anything conclusive*. Yet one thing real
is that some of instant noodle can cause discomfort along the alimentary
tract. A striking image captured by a capsule camera of indigestibility of

instant noodle has shocked the public, which resonates well consumer’s
personal body memory’. As a matter of fact, long journey train passengers
seldom take two consecutive meals of instant noodle, which explains the
reason behind a flat sale against the explosive increase in the sales oppor-
tunity in China. It is too premature to associate food cause discomfort with
health concerns, but it is true that the discomfort can reinforce the virilized
image of instant noodle. Nutrition science and toxicology are the sciences
supporting regulating food ingredients and process compliances but offer
no clues to issues like food caused discomfort. Insistence on incomplete food
science can legitimately silence complaints but not really help the industry in
real sense because it is the food caused discomfort (FCD) that is naturally
discouraging the consumption of instant noodle. It is imperative for sci-
entists to advance food science to provide solutions to remove FCD in the
best interest of both consumers and the industry.

In face of whatever challenges science is the only way out. If there is a
trust in science there is always a way. With a deep faith in science, a simple
solution can be found in nowhere but the making of instant noodle soup
which incorporates Maillard reaction products as a key flavoring agent. The
Maillard reaction is the chemistry that endows heat processed food with
attractive attributes like color, aroma and flavors. Much less known and
underexploited functions of versatile MRPs is their potent antioxidant and
anti-inflammatory activity, which is a simple and effective antidotes against

'SIBS-Zhejiang Gongshang University Joint Centre for Food and Nutrition Sciences, Zhejiang Gongshang University, Hangzhou, China. ?College of Food and
Bioengineering, Fujian Polytechnic Normal University, Fuging, Fujian, China. *School of Food Science and Nutrition, University of Leeds, Leeds, UK.

e-mail: gaoguanzhen@qg.com

npj Science of Food| (2025)9:164


http://crossmark.crossref.org/dialog/?doi=10.1038/s41538-025-00531-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41538-025-00531-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41538-025-00531-7&domain=pdf
mailto:gaoguanzhen@qq.com
www.nature.com/npjscifood

https://doi.org/10.1038/s41538-025-00531-7

Article

FCD which is typical expression of oxidative stress or inflammation of the
mucosa layer at different parts of the alimentary tract. We developed
Arginine-Glucose Maillard reaction products (Arg-Glc MRPs), that has
been used in instant noodle to completely eliminating the reflux problem®.

Of 20 amino acids, arginine has not been the most used amino acid in
MRPs production because of its cost. The major consideration to use
arginine to produce MRPs is that its potent antioxidant and anti-
inflammatory activity*". Its Maillard reaction products with glucose
usually could not exhaust both reactants regardless varying reaction con-
dition control like reactants ratio and other conditions. It is therefore a
mixture of MRPs and residual reactants. It is neither necessary nor easy to
remove residual reactants from the mixture. As a basic amino acid, arginine
has a high reactivity. Arg-Glc MRPs have also been demonstrated to sup-
press the formation of acrylamide in the Maillard reaction". Metformin
containing two guanidine groups is most famous antidiabetic drug, it would
not be unreasonable to expect similar benefit on guanidine-containing
arginine which is a food ingredient.

RAW?264.7 mouse macrophage cell line, constructed from the ascites of
BALB/c mice transformed with Abelson leukemia virus? is a well-
established canonical system in immunology and cell biology because of its
multitasking ability. It has been widely used for evaluating the biological
effects of natural food components, eg. evaluating innate immune-
enhancing abilities of alkaloids, glycosides, flavonoids, phenolic com-
pounds, fatty acids, and glycoproteins, etc.""*. It is used as a cellular model in
this study to investigate the antioxidant effects of Arg-Glc MRPs preparations
in order to eventually exploit MRPs to their full potential in food application.

Results
Degree of the Maillard reaction and extracellular antioxidant
capacity
The pH levels of Arg-Glc MRPs diminished as the reaction time increased
(Fig. 1a). This decline could be attributed to the formation of organic acids,
including acetic acids and formic, as well as the utilization of amino groups
during the initial phase of the Maillard reaction"".

The absorbance measurements at 294 nm and 420 nm serve as indi-
cators for the intermediates and final products of the Maillard reaction,
respectively'”'®. As shown in Fig. 1b, ¢, the absorbance at both 294 nm and
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Fig. 1 | Arg-Glc Maillard reaction degree and extracellular antioxidant capacity.
pH (a), absorbance at 294 nm (b), absorbance at 420 nm of the Arg-Glc MRPs (c);
full range (250-800 nm) absorption spectra of Arg-Glc MRPs (d); the DPPH radical

420 nm increased significantly along with reaction time, indicating that the
formation of reaction intermediates and final products was time-
dependent”. Figure 1d shows the full range (250-800 nm) absorption
spectra of Arg-Glc MRPs after heating for 0.5, 1, and 2 h, separately. And
the Arg-Glc MRPs have the maximum absorption peak at 298 nm with an
intensity of 0.592.

Figure 1le illustrates that the capacity of Arg-Glc MRPs to scavenge
DPPH radicals steadily enhanced as the reaction time was extended.
Meanwhile, the reducing power of MRPs (Fig. 1f), which is commonly
employed to assess the antioxidative activity of Maillard-type conjugates,
also gradually increased as the reaction proceeded. Both of the results above
suggested that the MRPs exhibited a varying degree of extracellular anti-
oxidant capacity according to their reaction time.

Effects of Arg-Glc MRPs on cell viability

Figure 2a indicates that the MTT assay showed no significant cytotoxicity of
Arg-Glc MRPs towards RAW264.7 macrophages, with cell viability
remaining above 90%. LDH, a cytosolic enzyme commonly recognized as a
marker for cytotoxicity’”*', was measured in the culture medium, revealing
that treatment with Arg-Glc MRPs resulted in increased leakage of LDH
(Fig. 2b). Therefore, Hoechst 33258 staining was utilized to examine
alterations in cell morphology following treatment with Arg-Glc MRPs. The
results showed no evidence of cell shrinkage or nuclear condensation (Fig.
2d), indicating that MRPs did not cause morphological damage and there
was no significant change in the number of apoptotic cells (Fig. 2¢). In
summary, while treatment with Arg-Glc MRPs led to an increase in LDH
leakage, which may indicate potential membrane damage, the absence of
morphological changes and significant apoptosis suggests that these MRPs
do not exert marked cytotoxic effects on RAW264.7 macrophages.

Effects of Arg-Glc MRPs on intracellular ROS and superoxide
anion (O;)

To study the regulatory effect of Arg-Glc MRPs on cellular redox status,
DCFH-DA green fluorescence was used to analyze total ROS production in
RAW?264.7 macrophages, while DHE red fluorescence was used to evaluate
the production of superoxide anion (O; ). Figure 3a illustrates that the
addition of Arg-Glc MRPs prepared with different reaction times alone does
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scavenging activity of Arg-Glc MRPs (e); the reducing power of Arg-Glc MRPs (f).
The values are expressed as the mean + SEM (n = 3); Different letters indicate sig-
nificant differences at p < 0.05 by Tukey-Kramer’s t-test.
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not affect the production of ROS, and no obvious change in green fluor-
escence intensity can be observed in the microscopic image (Fig.3b).
Exposure to AAPH significantly increased intracellular fluorescence
intensity (from 131.44 + 10.28 in the control group to 252.17 + 16.65), and
its green fluorescence was significantly enhanced. The treatment with Arg-
Glc MRPs effectively reduces the buildup of intracellular ROS that is trig-
gered by AAPH. For example, after adding 0.5 h, 1 h and 2 h MRPs diluted
100 times, the fluorescence intensity decreased to 179.15+6.77,
156.27 +8.17 and 116.214 + 12.83 respectively, and the same results can be
seen in the green fluorescence image, indicating that the longer the pre-
paration time, the greater the protective effect against the increase in ROS
caused by AAPH.

Knowing that the Arg-Glc MRPs are beneficial for total ROS scaven-
ging, the production of superoxide anions(O; ) in RAW264.7 macrophages
was analyzed using DHE fluorescence analysis™. Arg-Glc MPPs treatment
had no significant effect on O, content, but AAPH stimulation sig-
nificantly increased O~ production (from 24.00 + 1.16 in the control group
to 31.62+1.39), and its red fluorescence intensity was significantly
enhanced (Fig. 3¢, d). Co-treatment with Arg-Glc MRPs effectively reduced
the increase in O;~ caused by AAPH stimulation. These results suggest that
Arg-Glc MRPs can regulate cellular redox status and inhibit hyperoxidation
in RAW264.7 macrophages.

Intracellular antioxidant capacity of the Arg-Glc MRPs

The intracellular antioxidant capacity of Arg-Glc MRPs was assessed using
the CAA method across selected concentrations and various reaction times.
The kinetics of AAPH-induced oxidation on RAW264.7 macrophages is
shown in Fig. 4a-c. Arg-Glc MRPs inhibited the rise in fluorescence due to
DCF formation in a concentration-dependent manner. This effect is illu-
strated by the curves obtained from cells treated with MRPs prepared for 0.5 h
(Fig. 4a), 1 h (Fig. 4b) and 2 h (Fig. 4¢). The antioxidant capacity of the tested
samples was calculated from the kinetic curves (expressed as CAA values in
Fig. 4d). The results show that the intracellular antioxidant capacity increases
with the extension of reaction time and exhibits concentration dependence,
which is consistent with the results of DPPH radical scavenging ability.

Changes in cytoplasmic membrane potential

The Arg-Glc MRPs did not significantly influence the cytoplasmic mem-
brane potential (MPs) of normal RAW264.7 macrophages (Fig. 5a), but
counteracted the membrane hyperpolarization on AAPH-stimulated

macrophages (Fig. 5b). When the free radical elicitor AAPH induced free
radical damage on RAW264.7 macrophages, the MPs of macrophages
dropped significantly within 2 h, indicated by the green fluorescence intensity
of DIBAC,(3) probe (Fig. 5¢). While the Arg-Glc MRPs and AAPH were co-
incubated with macrophages, green fluorescence was partially restored,
suggesting a counteraction of membrane hyperpolarization. The 2 h MRPs
showed the highest capacity to restore membrane potential, suggesting that
prolonging the Maillard reaction time could enhance this capacity.

Protective effects of Arg-Glc MRPs on mitochondrial function
Mitochondria are the primary source of ROS in cells, and regulating
mitochondrial redox activity and MMP may be an effective strategy for
improving mitochondrial dysfunction™*'. The Mito-SOX Red probe was
used to study the effect of Arg-Glc MRPs on mitochondrial superoxide
anion free radicals. As shown in Fig. 6a, in the presence of AAPH, the
fluorescence intensity of Mito-HE on RAW264.7 macrophages decreased
from 125.39 +9.35 to 80.87 + 7.02, possibly due to AAPH-induced mito-
chondrial oxygen respiration dysfunction. However, after the addition of
0.5h, 1 hand 2 h Arg-Glc MRPs diluted 100-fold, the fluorescence intensity
increased to 131.018 + 5.62, 162.44 + 5.96 and 245.75 + 20.28, respectively
(Fig. 6b). The specific fluorescence image is shown in Fig. 6a. This suggests
that co-incubation with both AAPH and Arg-Glc MRPs resulted in sig-
nificantly counteracting the inhibition of mitochondrial oxygen respiration.

Treatment with AAPH can lead to mitochondrial dysfunction via
various mechanisms, such as lipid peroxidation of the mitochondrial
membrane, damage to mitochondrial DNA, and alterations in transmem-
brane potential>*’. As shown in Fig. 6c, AAPH led to a reduction of MMP
on RAW264.7 macrophages, indicated by the decrease of red fluorescence
intensity and the increase of green fluorescence intensity, which suggests the
damage to MMP by intracellular ROS”*. However, the addition of 2 h
MRPs alone had no significant effect on the fluorescence of JC-1, but was
able to repair ROS-induced MMP damage to varying degrees in AAPH-
stimulated macrophages. As Fig. 6d shows that the relative fluorescence
ratio increased from 3.34 + 0.3 in the AAPH-stimulated group to 3.76 + 0.16
after the addition of the Arg-Glc MRPs.

Changes in phagocytic ability of neutral red in RAW264.7
macrophages

Figure 7 shows that all tested Arg-Glc MRPs greatly enhance phagocytosis in
normal macrophages or AAPH-stimulated macrophages. The Arg-Glc
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Fig. 3 | Effects of Arg-Glc MRPs on ROS and O, in RAW264.7 macrophages.
Mean fluorescence intensity of DCFH-DA in cells (a); green fluorescence micro-
scopy images indicate intracellular ROS content (b); mean fluorescence intensity of
DHE in cells (c); red fluorescence microscopy images indicate intracellular O;~
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content (d). In the experiment, the dilution factors of MRPs were 50, 100, and 200,
with the fluorescence image showing the cells at a 100-fold dilution. The values are
expressed as the mean = SEM (n = 3); *p < 0.05 vs. control, **p < 0.01 vs. control;
"p <0.05 vs. AAPH, "p < 0.01 vs. AAPH by LSD test.

MRPs significantly enhanced the phagocytic activity of normal macro-
phages. After the challenge of AAPH, the phagocytic activity of macro-
phages was dramatically reduced from 100 to 52.49 + 3.37, indicating an
impairing effect caused by oxidative damage. Notably, engulfment of any
Arg-Glc MRPs resulted in significantly enhancing the phagocytic capacity,
therefore restoring the AAPH-suppressed phagocytosis.

Discussion

Beyond a simple source of nutrients, food directly or indirectly regulates
various processes of the immune system®*"'. The accompanying reactions
during food processing, transportation and storage are often unavoidable;
their impact on food quality and human health cannot be ignored. This
study proposes that MRPs present in the food system can affect and possibly
restore macrophages from oxidative stress-induced damage.

The redox imbalance may cause a series of oxidative pathological
reactions, which could further affect metabolic function and induce various
health problems™. The results showed that Arg-Glc MRPs exhibited sig-
nificant in vitro and intracellular antioxidant activity. Specifically, the
vitamin C equivalent of the DPPH free radical scavenging capacity of 2 h
MRPs was 1.41 +0.08 mg Vc/mL (Table S1), which is significantly higher
than that of organic green tea extract”. In terms of cellular antioxidant
activity, the quercetin equivalent of 2 h MRP was 1.49 + 0.03 pmol QE/mL
(Table S2), which also had a high antioxidant level*. As reported in previous
studies, MRPs have antioxidant activity3 ° and the change of extracellular
antioxidant activity of MRPs with heating time™, while less attention has

been paid to cellular redox balance. In vivo studies have found that MRPs
can reduce the accumulation of ROS and promote cellular stress tolerance
through the insulin/IGF-1 signaling pathway”’. Given the high reactivity
and transient nature of reactive oxygen species, along with the presence of
various antioxidant mechanisms in biological systems and the specificity of
fluorescent probes, we employed DCFH-DA and DHE probes for the
selective detection of ROS and O}~ in living cells, respectively. Additionally,
the MitoSOX Red fluorescent probe was utilized specifically to quantify
superoxide anion levels within mitochondria. This approach aimed to
investigate how Arg-Glc MRPs modulate the redox state of RAW264.7
macrophages™”. The results showed that Arg-Glc MRPs can mitigate
oxidative stress in AAPH-stimulated RAW264.7 macrophages and have
good intracellular antioxidant capacity.

Macrophages are at the front line of the body’s immune response and
have excessive tolerance to endogenous or environmental ROS. Dysfunc-
tion of membrane potential, even slight abnormal changes, can greatly affect
intracellular biological activities including inflammatory responses, thereby
causing various diseases"*>. MRPs neither disturb the plasma nor mito-
chondrial membrane potential on RAW264.7 macrophages. In other words,
exposure to Arg-Glc MRPs did not stimulate macrophages. The azo com-
pound AAPH was utilized to produce peroxyl radicals, simulating the ROS
challenges that macrophages might face in the gut microenvironment
during the process of food consumption®. MRPs restore MP and MMP to
normal resting levels, thus protecting macrophages and mitochondria from
AAPH-induced peroxidation of free radicals, indicating their soothing effect
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on stimulated macrophages. The plasma membrane, a primary target for
ROS that induce lipid peroxidation, is affected by oxidative stress, which
leads to lipid peroxidation and results in decreased membrane fluidity and
altered physiological functions***. Although the regulatory mechanism of
MRPs on cell membrane potential is unclear, a previous study evaluated the
possible effect of Arg-Glc MRPs on phospholipid bilayers, and the results
showed that Arg-Glc MRPs can stabilize lipid bilayers by Lamellar/non-
lamellar structure formation of simian immunodeficiency virus (SIV)
peptides modulates membrane biological events®. This result may have
certain relevance and provide a basis for regulating some membrane-related
biological events, but whether the regulation of membrane potential is
related to the activity of lipid phase transition still needs further study.

Furthermore, our results indicate that Arg-Glc MRPs can significantly
restore the phagocytic function of macrophages challenged by oxidative
stress, which is a component of the immune response to foreign
substances'”**. This finding partially reflects the role of MRPs in enhancing
immunity; however, the relationship between MRPs and macrophage
immune activation requires further elucidation through chemical or bio-
logical methods.

Arg-Glc MRPs was demonstrated to possess repairing effects on the
damaged RAW264.7 cell model and its addition remarkably mitigated the
reflux caused by instant noodles®, which implies that the damage of mac-
rophages may be associated with the reflux though other influences need to
be taken into consideration. It is reported that Macrophages in the gastric
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Fig. 7 | Effects of Arg-Glc MRPs on the phagocytosis of RAW264.7 macrophages.
The values are expressed as the mean + SEM (n = 3); *p < 0.05 vs. control, **p < 0.01
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mucosal immune system interact with macrophages in the muscularis
capable of controlling peristaltic activity”’. The damage of macrophages in
the gastric lining compromises the peristaltic activity and resulted in a small
pocket of undigested noodles, which was bounced back upon gastric
movement as reflux. More investigation is required to understand the
mechanism of arginine MRPs on cellular repairing. What is explicit is its
prominence of in vivo antioxidant activity, which can be helpful in repairing
the damaged macrophages. Components with in vivo antioxidant activity
could potentially demonstrate effects on reducing food caused discomforts
caused by mucosal stress at different sites with different degrees.
However, previous reports have suggested that MRPs, as a complex
cocktail of chemicals, can have both beneficial and detrimental health
effects, which are associated with the Maillard reaction process™. The

harmful part mainly comes from the advanced glycation end products
(AGEs), acrylamide (AM), heterocyclic amines (HCA), etc., produced by
the Maillard reaction. Generally considered to be cytotoxic, research has
found that both endogenous and exogenous AGEs can accumulate in tis-
sues, activating macrophages and leading to the production of excessive
inflammatory cytokines. This process can contribute to the development of
several chronic diseases, including Alzheimer’s disease, cancer, diabetes,
Parkinson’s disease, and chronic heart failure’ . The Arg-Glc MRPs we
prepared mainly contain early-stage products, which show positive effects
on RAW264.7 macrophages, which may be mainly caused by melanoidins,
reductones, and furan compounds in the MRPs. In subsequent studies, the
intermediate and late-stage MRPs can be prepared by controlling the
reaction conditions (such as changing the reaction time, temperature, pH,
etc.) to investigate whether they have adverse or positive effects on
RAW264.7 macrophages.

In addition, different amino acids and reducing sugars will generate
MRPs with varying chemical properties and biological activities™”. Argi-
nine has previously been used as a substrate in the Maillard reactions®®”’,
and Arg-Glc MRPs are the most abundant MRPs found in traditional
Chinese herbal medicines, suggesting that it may have significant potential
effects™. Arginine and glucose were selected as substrates to prepare MRPs,
and this was used as an entry point to elucidate the influence of MRPs on
macrophages. However, follow-up studies that target complex food Mail-
lard reaction systems and are not limited to in vitro studies, but are based on
experimental animals, may make the research more complete. The in vivo
uptake process of food-derived MRPs should be much more complicated,
the direct interaction between the Arg-Glc MRPs and macrophages
demonstrated in this study is clear and may contribute to future studies of
uptake, transport and modulation of immunity in vivo by Maillard reaction
products, based on current studies conducted at the cellular level in vitro.

In this study, Arginine-Glucose Maillard reaction products with dif-
ferent reaction times all demonstrated no cytotoxicity on RAW264.7
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macrophages but exhibited remarkable DPPH free radical scavenging and
extracellular reducing abilities. They could all effectively quench intracel-
lular free radicals caused by AAPH, and helped to restore cytoplasmic
membrane potential (MPs) and mitochondrial membrane potential (MMP)
of RAW264.7 macrophages damaged by AAPH. Moreover, all the Arg-Glc
MRPs enhanced phagocytosis of macrophages. All those outstanding
antioxidant and anti-inflammatory properties results provide a strong
support for the Arg-Glc MRPs in food as a safe, effective and simple antidote
against food caused discomfort.

Methods

Materials

L-Arginine and D-(+4)-Glucose anhydrous were purchased from Sino-
pharm Chemical Reagent Co., Ltd (Shanghai, China). AAPH, DiBAC,(3),
and MitoSOX™ Red mitochondrial superoxide indicator were obtained
from Sigma (St. Louis, MO, USA.). DMEM, PBS, HBSS, JC-1 Dye, FBS,
streptomycin sulfate and penicillin were obtained from Thermo Fisher
Scientific (Waltham, MA, USA). MTT was provided by MCE Technology
Co. (New Jersey, USA.). LDH cytotoxicity assay kit and mitochondrial
permeability transition pore assay kit were purchased from Beyotime Bio-
technology (Shanghai, China). All other chemicals and solvents used were of
AR grade and purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China).

Preparation of Maillard reaction products

A 0.6 mol/L arginine aqueous solution is mixed with an equal amount of
glucose, and then the mixture is subjected to heat treatment at 100 °C for
processing times of 0.5h, 1h, and 2h, respectively. After heating, the
reactions were promptly halted by immersing the samples in an ice bath.
The resultant solutions of Arg-Glc MRPs were then preserved at —30 °C for
subsequent applications.

Measurements of pH and browning

The pH of the Arg-Glc MRPs was determined by a pH meter (METTLER
TOLEDO, Zurich, Switzerland), which was standardized against buffer
solutions at pH levels of 4.0, 7.0, and 10.0.

Arg-Glc MRPs were diluted to a ratio of 1:100 (v/v) with deionized
water prior to absorbance measurements at 294 nm and 420 nm, conducted
using a spectrophotometer (U-5100, HITACHI, Japan). Following this,
Arg-Glc MRPs solutions were also diluted to a 1:1000 (v/v) ratio with
deionized water, and the ultraviolet absorption spectra were recorded across
the wavelength range of 250 nm to 800 nm through multiple spectro-
photometric measurements.

Determination of extracellular antioxidant activities

The antioxidant activity of Arg-Glc MRPs diluted with deionised water at a
ratio of 1:100 (v/v) in the extracellular environment was evaluated by
quantifying DPPH radical scavenging activity (DPPH-RS)* and reducing
power (RP) using previously reported experimental methods™, where the
DPPH radical scavenging activity was compared with vitamin C as a stan-
dard control. The reducing power assay is based on the reduction reaction of
potassium ferrocyanide (Ks[Fe(CN)q]) and is used to evaluate the anti-
oxidant activity or reducing substance content of a sample by detecting the
change in absorbance when Prussian blue (Fes[Fe(CN)s]5) is formed.

Cell viability (MTT test)

RAW264.7 macrophages were seeded in 96-well plates at a density of 1 x 10*
cells/mL, and after reaching 80% confluence, MRPs (diluted with DMEM:
1:10, 1:50, 1:100, 1:200, v/v) were added and co-incubated for 24h,
respectively. Subsequently, Methylene blue solution was added for an
additional 2.5 h incubation period at 37 °C. Afterward, the supernatant was
aspirated and 150 pL of DMSO was added, which was then gently agitated to
ensure thorough mixing. Subsequently, the optical density was assessed at
570 nm utilizing a microplate reader (FlexStation 3, Molecular
Devices, USA).

Lactate dehydrogenase (LDH) release

Following a 24-h exposure to Arg-Glc MRPs (diluted with DMEM: 1:50,
1:100, 1:200, v/v), the release of lactate dehydrogenase (LDH) from
RAW?264.7 macrophages was evaluated using an LDH cytotoxicity detec-
tion kit, in accordance with the instructions provided by the manufacturer.

Hoechst 33258 staining

Following a 24-h exposure to Arg-Glc MRPs (diluted with DMEM: 1:100, v/
v), the RAW264.7 macrophages were washed with HBSS and incubated
with 3 pg/mL Hoechst 33258 for 10 min at 37 °C. Fluorescence micrographs
were taken with an inverted microscope (DMI3000 B Inverted Microscope,
Leica) connected to LAS (VERSION 4.2.0) software immediately after the
fluorescence experiment. After that, the microscopic images were analyzed
to enumerate the apoptotic nuclei characterized by condensed chromatin,
and the count of these apoptotic nuclei was then calculated as a percentage
relative to the total nuclei count.

Intracellular ROS measurement

After RAW264.7 macrophages were co-incubated with Arg-Glc MRPs for
6 h, the macrophages were washed and stained with 20 uM DCFH-DA for
25min. The fluorescence intensity was measured (Ex=485nm,
Em =528 nm) and fluorescence images were taken as in the previous
experiment.

Measurement of superoxide anion (O )

Intracellular O}~ levels were determined by O}~ specific fluorescent probe
dihydroethidium (DHE). The RAW264.7 macrophages were stained with
5 uM DHE for 30 min, subsequent to a 6-h incubation with Arg-Glc MRPs.
After washing twice with HBSS, the fluorescence intensity was recorded
(Ex =535 nm, Em = 610 nm), and fluorescence micrographs were captured
as well.

Intracellular antioxidant capacity assay

The antioxidant capacity of Arg-Glc MRPs (diluted with DMEM: 1:50,
1:100, 1:200, v/v) on RAW264.7 macrophages was quantified by examining
the percentage reduction in DCFH-DA fluorescence (Ex=485nm,
Em =538 nm). The procedure was conducted as previously described for
the cellular antioxidant activity (CAA) assay®, with quercetin and vitamin C
serving as standard controls.

Cytoplasmic membrane potential measurement

The influence of Arg-Glc MRPs (diluted with DMEM: 1:100, v/v) on cell
cytoplasmic membrane potential (MPs) of RAW264.7 macrophages was
assessed using a methodology previously reported”’. DiBAC,(3) fluores-
cence intensity changes were collected by a microplate reader for 120 min
with an interval of 10 min at 37 °C. Fluorescence photomicrographs were
taken immediately after fluorescence intensity determination.

Mitochondrial superoxide assay

After the cells in the 96-well plate reached high confluence, the original
medium was removed. Then, 200 uL of Mito-SOX Red (2.5 umol/L) was
added, and the plate was kept at 37 °C for 10 min. Discarded the working
solution, washed the cells twice with warm HBSS, added Arg-Glc MRPs
(diluted with DMEM: 1:100, v/v), and incubated in a cell incubator for 2 h.
Then the absorbances were recorded by a microplate reader (Ex = 486 nm,
Em =570 nm).

Mitochondrial membrane potential measurement

After 2h of action of Arg-Glc MRPs (diluted with DMEM: 1:100, v/v),
changes in mitochondrial membrane potential (MMP) were measured were
detected with a JC-1 fluorescent probe as previously reported™’, and red JC-1
aggregates and green JC-1 monomers were observed using a laser scanning
confocal microscope (Zeiss LSM 780, Carl Zeiss SAS, Germany). In addi-
tion, the fluorescence intensities of JC-1 aggregates and monomers in a 96-
well plate were measured using a microplate reader.
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Determination of the phagocytic capacity of macrophages

The effect of Arg-Glc MRPs (diluted with DMEM: 1:100, v/v) on phago-
cytosis of neutral red by macrophages was performed as previously
reported”.

Statistical analysis

The results from distinct replicates are expressed as the mean * standard
error of the mean (SEM). All analyses were performed using the SPSS
Statistics version 23.0 (SPSS Inc., Chicago, IL, USA) software. All data
graphs were generated using GraphPad Prism 9.0 (Origin Lab Corporation,
Northampton, MA, USA). Statistical differences between the two groups
were evaluated using Student’s ¢ test, while one-way analysis of variance
(ANOVA), followed by LSD or Tukey-Kramer’s ¢-test for post-hoc analysis,
was employed to analyze the differences between multiple groups. Statistical
significance was set at p < 0.05.

Data availability
The datasets used and/or analyzed during the current study available from
the corresponding author on reasonable request.

Received: 23 October 2024; Accepted: 18 July 2025;
Published online: 01 August 2025

References

1. Xu, M. et al. Evaluation of aleurone flour on dough, textural, and
nutritional properties of instant fried noodles. LWT 126, 109294
(2020).

2. Ahmed, Z. et al. Fundamental opportunities and challenges of
nutraceutical noodles enriched with agri-food by-products. Trends
Food Sci. Technol. 143, 104299 (2024).

3.  World Instant Noodles Association. Global demand for instant
noodles. https://instantnoodles.org/cn/ (2024).

4. Shin, H. J. et al. Instant noodle intake and dietary patterns are
associated with distinct cardiometabolic risk factors in Korea. J. Nutr.
144, 1247-1255 (2014).

5. Yu, C. &Chen, Z. The potential impact of reducing sodium in
packaged food: the case of the Chinese instant noodles market.
Agribusiness 38, 3-20 (2022).

6. Adejuwon, O. H., Jideani, A. . O. & Falade, K. O. Quality and public
health concerns of instant noodles as influenced by raw materials and
processing technology. Food Rev. Int. 36, 276-317 (2019).

7. Caruth, N. J. Gastro-vision: food and technology in an art lab. Art21
Magazine 11 (2010).

8. Ding, Y.N., Wang, R.Y., Zhang, S. Y. & Rao, P. F. A method for
preparing Maillard reaction products and their application in instant
noodle. Chinese Patent CN119138576A (2024).

9. Nasr EI-Din, W. A. & Abdel Fattah, I. O. L-arginine mitigates choroid
plexus changes in Alzheimer’s disease rat model via oxidative/
inflammatory burden and behavioral modulation. Tissue Cell. 91,
102572 (2024).

10. Trimarco, V. et al. Beneficial effects of L-Arginine in patients
hospitalized for COVID-19: New insights from a randomized clinical
trial. Pharmacol. Res. 191, 106702 (2023).

11. Wu, B. et al. Inhibition of acrylamide toxicity in vivo by arginine-glucose
Maillard reaction products. Food Chem. Toxicol. 154, 112315 (2021).

12. Sakagami, H. et al. Cell death induced by nutritional starvation in
mouse macrophage-like RAW264.7 cells. Anticancer Res. 29,
343-348 (2009).

13. Jiang, L., Zhang, G., Li, Y., Shi, G. & Li, M. Potential application of
plant-based functional foods in the development ofimmune boosters.
Front. Pharmacol. 12, 637782 (2021).

14. Beg, S., Swain, S., Hasan, H., Barkat, M. A. & Hussain, M. S.
Systematic review of herbals as potential anti-inflammatory agents:
recent advances, current clinical status and future perspectives.
Pharmacogn. Rev. 5, 120-137 (2011).

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Brands, C. M. & Van Boekel, M. A. Kinetic modeling of reactions in
heated monosaccharide-casein systems. J. Agric. Food Chem. 50,
6725-6739 (2002).

Zeng,Y.,Zhang, X., Guan, Y. &Sun, Y. Characteristics and antioxidant
activity of Maillard reaction products from psicose-lysine and
fructose-lysine model systems. J. Food Sci. 76, 398-403 (2011).
Ajandouz, E. H., Tchiakpe, L. S., Dalle Ore, F., Benajiba, A. &
Puigserver, A. Effects of pH on caramelization and Maillard reaction
kinetics in fructose-lysine model systems. J. Food Sci. 66, 926-931
(2001).

Nasrollahzadeh, F., Varidi, M., Koocheki, A. & Hadizadeh, F. Effect of
microwave and conventional heating on structural, functional and
antioxidant properties of bovine serum albumin-maltodextrin
conjugates through Maillard reaction. Food Res. Int. 100, 289-297
(2017).

Jing, H. & Kitts, D. D. Chemical characterization of different sugar-
casein Maillard reaction products and protective effects on chemical-
induced cytotoxicity of Caco-2 cells. Food Chem. Toxicol. 42,
1833-1844 (2004).

Zhong, J. et al. Inhibition of phosphodiesterase 4 by FCPR16 protects
SH-SY5Y cells against MPP(+)-induced decline of mitochondrial
membrane potential and oxidative stress. Redox Biol. 16, 47-58
(2018).

Jagadish, S. et al. Novel oxolane derivative DMTD mitigates high
glucose-induced erythrocyte apoptosis by regulating oxidative
stress. Toxicol. Appl. Pharmacol. 334, 167-179 (2017).

Yazdani, M. Concerns in the application of fluorescent probes
DCDHF-DA, DHR 123 and DHE to measure reactive oxygen species
in vitro. Toxicol. Vitr. 30, 578-582 (2015).

Mailloux, R. J. & Harper, M. E. Mitochondrial proticity and ROS
signaling: lessons from the uncoupling proteins. Trends Endocrinol.
Metab. 23, 451-458 (2012).

Nakai, M., Mori, A., Watanabe, A. & Mitsumoto, Y. 1-methyl-4-
phenylpyridinium (MPP-) decreases mitochondrial oxidation-
reduction (REDOX) activity and membrane potential (Deltapsi(m)) in rat
striatum. Exp. Neurol. 179, 103-110 (2003).

Wu, Z., Chen, H., Yang, B., Zhao, J. & Chen, W. Structural
identification and antioxidant activity of trans-9, trans-11, cis-15-
conjugated linolenic acid converted by probiotics. Food Res. Int. 184,
114258 (2024).

Hu, J. et al. Anthocyanins prevent AAPH-induced steroidogenesis
disorder in leydig cells by counteracting oxidative stress and StAR
abnormal expression in a structure-dependent manner. Antioxidants
12, 508-522 (2023).

Gordan, R., Fefelova, N., Gwathmey, J. & Xie, L. H. Iron overload
promotes arrhythmias via ROS production and mitochondrial
membrane potential depolarization. Biophys. J. 108, 273 (2015).

Xu, J. et al. Involvement of PINK1/Parkin-mediated mitophagy in
mitochondrial functional disruption under oxidative stress in vitrified
porcine oocytes. Theriogenology 174, 160-168 (2021).

Zhou, C. et al. Nynrin preserves hematopoietic stem cell function by
inhibiting the mitochondrial permeability transition pore opening. Cell
Stem Cell 31, 1359-1375 (2024).

Soldati, L. et al. The influence of diet on anti-cancer immune
responsiveness. J. Transl. Med. 16, 75-93 (2018).

Morabito, G., Kucan, P. & Serafini, M. Prevention of postprandial
metabolic stress in humans: role of fruit-derived products. Endocr.
Metab. Immune Disord. Drug Targets 15, 46-53 (2015).

Meng, D. et al. Detection of cellular redox reactions and antioxidant
activity assays. J. Funct. Foods 37, 467-479 (2017).

Wolfe, K. L. et al. Cellular antioxidant activity of common fruits. J. Agric
Food Chem. 56, 8418-8426 (2008).

Kim, M. J. etal. Comparative studies on the antioxidant capacities and
catechin profiles of conventional and organic green tea. J. Korean
Soc. Appl. Biol. Chem. 58, 475-480 (2015).

npj Science of Food| (2025)9:164


https://instantnoodles.org/cn/
https://instantnoodles.org/cn/
www.nature.com/npjscifood

https://doi.org/10.1038/s41538-025-00531-7

Article

35. Nooshkam, M., Varidi, M. & Bashash, M. The Maillard reaction
products as food-born antioxidant and antibrowning agents in model
and real food systems. Food Chem. 275, 644-660 (2019).

36. Kim,J.S.&Lee, Y. S. Antioxidant activity of Maillard reaction products
derived from aqueous glucose/glycine, diglycine, and triglycine model
systems as a function of heating time. Food Chem. 116, 227-232
(2009).

37. Yokoyama, |. et al. Lysine-glucose Maillard reaction products promote
longevity and stress tolerance in Caenorhabditis elegans via the insulin/
IGF-1 signaling pathway. J. Funct. Foods 87, 104750 (2021).

38. Yang, X. et al. Molecule fluorescent probes for sensing and imaging
analytes in plants: developments and challenges. Coord. Chem. Rev.
487, 215154 (2023).

39. Robinson, K. M. et al. Selective fluorescent imaging of superoxide
in vivo using ethidium-based probes. Proc. Natl. Acad. Sci. USA 103,
15038-15043 (2006).

40. Rouco, L. et al. Neuroprotective effects of fluorophore-labelled
manganese complexes: determination of ROS production,
mitochondrial membrane potential and confocal fluorescence
microscopy studies in neuroblastoma cells. J. Inorg. Biochem. 227,
1-8 (2022).

41. Park, Y., Suvorov, A., Symington, S. B. & Clark, J. M. Membrane
polarization in non-neuronal cells as a potential mechanism of
metabolic disruption by depolarizing insecticides. Food Chem.
Toxicol. 160, 112804 (2022).

42. 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. 17, 1540-1550 (2010).

43. Cui, Y. et al. Involvement of ERK AND p38 MAP kinase in AAPH-
induced COX-2 expression in HaCaT cells. Chem. Phys. Lipids 129,
43-52 (2004).

44. dela Haba, C., Palacio, J. R., Martinez, P. & Morros, A. Effect of
oxidative stress on plasma membrane fluidity of THP-1 induced
macrophages. Biochim. Biophys. Acta 1828, 357-364 (2013).

45. Fessler, M. B. & Parks, J. S. Intracellular lipid flux and membrane
microdomains as organizing principles in inflammatory cell signaling.
J. Immunol. 187, 1529-1535 (2011).

46. Ke, L. et al. An evidence for a novel antiviral mechanism: Modulating
effects of Arg-Glc Maillard reaction products on the phase transition
of multilamellar vesicles. Front. Cell Dev. Biol. 8, 1-12 (2021).

47. Weeks, B. A, Keisler, A. S., Myrvik, Q. N. & Warinner, J. E. Differential
uptake of neutral red by macrophages from three species of estuarine
fish. Dev. Comp. Immunol. 11, 117-124 (1987).

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

49. Grainger, J. R., Konkel, J. E., Zangerle-Murray, T. & Shaw, T. N.
Macrophages in gastrointestinal homeostasis and inflammation.
Pflug. Arch. 469, 527-539 (2017).

50. 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).

51. Peng, J. M. et al. Camellia oleifera shells polyphenols inhibit advanced
glycation end-products (AGEs) formation and AGEs-induced
inflammatory response in RAW264.7 macrophages. Ind. Crops Prod.
197, 116589 (2023).

52. Monnier, V. M. & Taniguchi, N. Advanced glycation in diabetes, aging
and age-related diseases: editorial and dedication. Glycocony. J. 33,
483-486 (2016).

53. Vicente Miranda, H. et al. Glycation potentiates alpha-synuclein-
associated neurodegeneration in synucleinopathies. Brain 140,
1399-1419 (2017).

54. Hemmler, D. et al. Insights into the chemistry of non-enzymatic
browning reactions in different ribose-amino acid model systems. Sci.
Rep. 8, 16879 (2018).

55. Hwang, I. G., Kim, H. Y., Woo, K. S, Lee, J. & Jeong, H. S. Biological
activities of Maillard reaction products (MRPs) in a sugar—-amino acid
model system. Food Chem. 126, 221-227 (2011).

56. Liu, H. M., Han, Y. F., Wang, N. N., Zheng, Y. Z. & Wang, X. D.
Formation and antioxidant activity of Maillard reaction products
derived from different sugar-amino acid aqueous model systems of
sesame roasting. J. Oleo Sci. 69, 391-401 (2020).

57. Ide, N., Lau, B. H., Ryu, K., Matsuura, H. & Itakura, Y. Antioxidant
effects of fructosyl arginine, a Maillard reaction product in aged garlic
extract. J. Nutr. Biochem. 10, 372-376 (1999).

58. Zhao, Q. et al. Enzymatic hydrolysis of rice dreg protein: effects of
enzyme type on the functional properties and antioxidant activities of
recovered proteins. Food Chem. 134, 1360-1367 (2012).

59. Klompong, V., Benjakul, S., Kantachote, D. & Shahidi, F. Antioxidative
activity and functional properties of protein hydrolysate of yellow
stripe trevally (Selaroides leptolepis) as influenced by the degree of
hydrolysis and enzyme type. Food Chem. 102, 1317-1327 (2007).

60. Wolfe, K. L. & Liu, R. H. Cellular antioxidant activity (CAA) assay for
assessing antioxidants, foods, and dietary supplements. J. Agric.
Food Chem. 55, 8896-8907 (2007).

61. Gamaley, |. A., Kirpichnikova, K. M. & Klyubin, I. V. Superoxide release
is involved in membrane potential changes in mouse peritoneal
macrophages. Free Radic. Biol. Med. 24, 168-174 (1998).

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

Acknowledgements

This research was supported by Fujian Provincial Natural Science
Foundation of China (Grant No. 2024J01162 and No. 2024J01967) and the
2023 Fujian Provincial Young and Middle-aged Faculty Education and
Research Program (Science and Technology) (Grant No. JAT231074).

Author contributions

Yanan Ding: data curation, methodology, writing—original draft. Pingfan
Rao: project administration, writing—reviewing and editing, resources.
Jianwu Zhou: data curation, investigation, validation. Huigin Wang: data
curation, investigation, formal analysis. Ruiyang Wang: data curation,
investigation. Lijing Ke: investigation, validation. Guanzhen Gao:
conceptualization, supervision, writing—reviewing and editing.

Competing interests

The authors declare no competing financial interest or non-financial inter-
ests. P.R. is Editor-in-Chief and L.K. is Associate Editor of npj Science of
Food. P.R. and L.K. were not involved in the journal’s review of, or decisions
related to, this manuscript.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41538-025-00531-7.

Correspondence and requests for materials should be addressed to
Guanzhen Gao.

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

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

npj Science of Food| (2025)9:164


https://doi.org/10.1038/s41538-025-00531-7
http://www.nature.com/reprints
www.nature.com/npjscifood

https://doi.org/10.1038/s41538-025-00531-7

Article

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 the material. If material
is notincludedin the article’s Creative Commons licence and your 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) 2025

npj Science of Food | (2025)9:164

10


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

	Arginine Maillard reaction products recovered damaged immune cells
	Results
	Degree of the Maillard reaction and extracellular antioxidant capacity
	Effects of Arg-Glc MRPs on cell viability
	Effects of Arg-Glc MRPs on intracellular ROS and superoxide anion (O2^ -O2&#x02212;)
	Intracellular antioxidant capacity of the Arg-Glc MRPs
	Changes in cytoplasmic membrane potential
	Protective effects of Arg-Glc MRPs on mitochondrial function
	Changes in phagocytic ability of neutral red in RAW264.7 macrophages

	Discussion
	Methods
	Materials
	Preparation of Maillard reaction products
	Measurements of pH and browning
	Determination of extracellular antioxidant activities
	Cell viability (MTT test)
	Lactate dehydrogenase (LDH) release
	Hoechst 33258 staining
	Intracellular ROS measurement
	Measurement of superoxide anion (O2^ -O2&#x000B7;&#x02212;)
	Intracellular antioxidant capacity assay
	Cytoplasmic membrane potential measurement
	Mitochondrial superoxide assay
	Mitochondrial membrane potential measurement
	Determination of the phagocytic capacity of macrophages
	Statistical analysis

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




