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Pyrroloquinoline quinone and
imidazopyrroloquinoline intake diminish mortality
risk during midlife and improve muscular
dysfunctions with age in mice

Keiko Odera, *a Yuka Tanaka,a Kazuto Ikemoto, b Masanori Tamakoshic and
Ryoya Takahashi *a,d

Pyrroloquinoline quinone (PQQ) and its derivative imidazopyrroloquinoline (IPQ) are nutritionally important

vitamin-like compounds that exert various physiological effects, including cell-growth promotion, neuropro-

tection, and mitochondriogenesis stimulation. This study investigated the potential of PQQ and IPQ as gero-

protectors that promote healthy longevity, addressing the general lack of lifespan aging intervention experi-

ments in mammals. We conducted lifelong and midlife experiments with 0.02% (w/w) PQQ and 0.02% (w/w)

IPQ supplementation in the senescence-accelerated mouse P8 strain that is characterized by a short lifespan.

In lifelong experiments, the survival days at the 75th percentile was prolonged by 73% and 36% in the PQQ

and IPQ groups, respectively, compared with that in the control. In addition, significant delays in the appear-

ance of aging and age-related muscular dysfunction were observed. Intake of PQQ and IPQ diets from

midlife improved muscular function that had declined with age. IPQ intake reduced lipid accumulation in

adipose tissue and the liver. To the best of our knowledge, this is the first study to demonstrate that PQQ

and IPQ supplementation, whether initiated in the early or middle age, is effective in ameliorating age-

related alterations, such as muscular function, and diminishes mortality risk during midlife in mice.

1. Introduction

Maintaining and improving quality of life (QOL) and extending
a healthy lifespan are among the most important objectives
for an aging society. Sarcopenia, the age-related decline in
muscle mass and strength, substantially reduces QOL in older
adults.1,2 This decline in muscle function restricts daily activi-
ties such as standing, walking, and posture control, while con-
tributing to cognitive aging and shortened lifespan.1–4

Notably, obesity in older adults (sarcopenic obesity) is closely
associated with frailty, cardiometabolic dysfunction, physical
disability, and increased mortality.5–7

Senescence-accelerated mouse (SAM) strains, developed by
Dr T. Takeda’s research team at Kyoto University, Japan, are a

line of inbred mice characterized by a shorter lifespan of ∼1
year and specific accelerated aging phenomena.8–10 For
example, the senescence-prone mouse P8 (SAMP8) strain has a
shorter lifespan of ∼1 year and exhibits age-related learning/
memory deficits and sarcopenia similar to those observed in
older adults.8–12 Therefore, SAMP8 mice are frequently used to
evaluate the effects of natural geroprotectors on lifespan,
learning and memory, and sarcopenia over a short period of
time.

In recent years, pyrroloquinoline quinone (PQQ), a novel
coenzyme for various bacterial dehydrogenases, has attracted
attention as a potential geroprotector.13–15 Reduced PQQ has a
stronger free radical scavenging ability than vitamin C16 and
has been reported to promote mitochondrial biogenesis17 and
improve brain function.18,19 Moreover, PQQ-deficient diets
cause growth retardation and impaired immune responses in
mice.20–22 Notably, imidazopyrroloquinoline (IPQ), converted
from PQQ in the presence of glycine, lacks redox activity but
shows almost the same biological activities as PQQ.23

However, despite the potential anti-aging effects of both PQQ
and IPQ, no long-term studies have investigated their impact
on the aging process in mice.

In this study, we examined the effects of lifelong intake of
PQQ and IPQ starting from weaning on lifespan, apparent
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aging, and age-related changes in muscle function. We also
investigated the effects of PQQ and IPQ administration starting
in middle age on muscle function and age-related fat
accumulation.

2. Materials and methods
2.1 Chemicals

PQQ disodium salt (4,5-dioxo-4,5-dihydro-1H-pyrrolo[2,3-f ]qui-
noline-2,7,9-tricarboxylic acid disodium) was obtained from
Mitsubishi Gas Chemical (Tokyo, Japan). IPQ trisodium salt
(7-oxo-7,10-dihydroimidazo[4,5,1-ij]pyrrolo[2,3-f ]quinoline-1,3,9-
tricarboxylic acid trisodium) was synthesized from BioPQQ
and glycine (FUJIFILM Wako Pure Chemical Corporation,
Tokyo, Japan), as previously described.24

2.2 Ethics statement

All animal experimental procedures were approved by the
Toho University Animal Care and Use Committee (approval no.
21-41-486, 22-42-486, 21-486, 25-592) and conducted according
to the guidelines of the Laboratory Animal Center of the Faculty
of Pharmaceutical Sciences, Toho University (Chiba, Japan).

2.3 Animals and experimental design

SAMP8 strain mice were obtained from Dr T. Takeda (Chest
Disease Research Institute, Kyoto University, Kyoto, Japan).8

The mice were bred through brother–sister mating and main-
tained under controlled SPF conditions at 23 ± 1 °C, 50–60%
humidity, a 12 h light/dark cycle (lights on from 08:00–20:00)
at the Laboratory Animal Center of the Department of
Pharmaceutical Sciences, Toho University. Five mice were
placed in one cage [280 (L) × 170 (W) × 140 (H) mm] and fed a
long-term maintenance diet (CE-7, CREA, Tokyo, Japan) and
provided water ad libitum. Under these conditions, the mean
lifespan (MLS) of male SAMP8/Toho (SAMP8) mice was
∼13 months.

A schematic of the experimental timeline is shown in
Fig. 1. The number and age of animals used in the following
experiments are shown in Table S1. Experiment 1 investigated
the effects of lifelong PQQ and IPQ intake on lifespan and age-
related alterations. To minimize bias caused by placing the
first mice selected by the researcher within the same group, or
by placing pups from the same mother in the same experi-
mental group, we randomly selected male pups born from the
same dams and distributed them individually into three
groups after weaning (3 weeks old). By repeating this process,
the average weight (± standard error) of the mice became
nearly identical between groups: control group, 18.9 ± 0.6 g
(n = 15); PQQ group, 19.0 ± 0.5 g (n = 16); IPQ group, 19.0 ±
0.6 g (n = 15). After confirming the lack of statistically signifi-
cant group differences in the average body weight, five mice
were housed per cage. After 1 week acclimation, mice were pro-
vided purified diet pellets (AIN-93M, Oriental Yeast, Tokyo,
Japan) containing 0.02% (w/w) PQQ or 0.02% (w/w) IPQ
ad libitum. The average daily PQQ intake by young adult

(3 months old) mice was ∼25 mg per kg body weight. This
dose was effective in our previous experiments on obese
mice25 and is within the safe dose range (100–200 mg kg−1) for
humans.26 Control mice were provided with AIN-93M diet
pellets ad libitum. Weight measurement, survival analysis,
appearance evaluation, muscle function evaluation, and blood
tests were performed periodically during the intake period
(Fig. 1c).

Experiment 2 investigated the effects of midlife PQQ and
IPQ intake on age-related changes. Male 31 week-old
(7.1 month-old) SAMP8 mice maintained on a long-term main-
tenance diet (CE-7, CLEA, Tokyo, Japan) were randomly
selected from a housing cage (5 mice per cage) and equally dis-
tributed individually into the control, PQQ, and IPQ groups;
five mice were housed per cage. The average body weight (±
standard error) of the control, PQQ, and IPQ groups was 33.2 ±
0.8 g (n = 12), 31.9 ± 0.5 g (n = 11), and 32.7 ± 0.8 g (n = 13),
respectively, confirming no statistically significant group
differences. The mice were allowed to acclimate for 2 weeks
and then fed an AIM-93M diet containing 0.02% (w/w) PQQ or
0.02% (w/w) IPQ for 16 weeks. The control group was fed an
AIM-93M diet. Weight measurements, survival analysis, blood
analysis, and muscle function evaluations were conducted
periodically during the intake period (Fig. 1d).

2.4 Evaluation of the degree of appearance aging

To evaluate the degree of appearance aging in the mice, we
adopted the grading score system developed by Hosokawa
et al.27 In this experiment, three trained evaluators indepen-
dently evaluated gloss, coarseness, hair loss, and skin ulcers
on a five-point scale (grade 0, no particular change, to grade 4,
most severe change). The sum of these scores was used as the
integument ageing score. The evaluation was performed every
3–4 months.

2.5 Muscle function evaluation

Muscle function was evaluated using a four-limb hanging,28

two-limb hanging,29 and four-limb grip strength test30 every
3 months (at 3, 6, 9, and 12 months of age) in Experiment 1,
and before the start of intake, midway (week 6), and at the
final week (week 12) in Experiment 2 (Fig. 1c and d).

The detailed muscle function evaluation methods were as
follows:

(a) Four-limb hanging test: mice were placed on a stainless-
steel mesh (size: 385 mm × 270 mm, mesh size: 10 mm ×
10 mm, wire diameter: φ1.0 mm). When the mice settled in
the center, the mesh was inverted, and the time (s) spent
hanging upside down using all four limbs was measured. The
test was terminated after 180 s. Each mouse was measured
four times, with breaks in between, and the longest time was
recorded as the test score. For mice that exceeded the test time
limit, the score was recorded as 180 s. The score was calculated
as hanging time (s) × body weight (g) to account for the effect
of body weight.

(b) Two-limb hanging test: a single stainless steel wire
[500 mm long (300 mm range of motion), 2.0 mm diameter]
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was suspended at a height of 50 cm, and the time (s) that a
mouse could hang from it using its forelimbs was measured.
The test was terminated at 180 s, which was the longest time
allowed. Each mouse was measured four times, with a break in
between, and the longest time was used as the test score. For
mice that exceeded the longest time, the score was set to 180 s.
To account for the effect of body weight, the score was calcu-
lated as hanging time (s) × body weight (g).

(c) Four-limb grip strength test: mice were allowed to grasp
a stainless steel mesh (size: 100 mm × 100 mm, mesh size:
10 mm × 10 mm, wire diameter: φ1.0 mm) attached to a
digital force gauge (DS2-50N, IMADA, Aichi, Japan) with all
four limbs, and the force (N) exerted when the mice were
pulled away from the mesh was measured. Each mouse was
measured thrice, with a break of at least 1 min between two
measurements, and the maximum value was recorded. The
score was calculated as “force (N)/body weight (g).

2.6 Blood analysis

A small amount of blood (<50 µL) was collected from the tail
vein of each mouse at 11:00–14:00 every 3 months in
Experiment 1 and every 6 weeks in Experiment 2, and a micro-
blood test was immediately performed. The levels of blood
glucose, triglyceride, and high-density lipoprotein (HDL)-
cholesterol were measured using a Cholestech LDX cassette on
a compact rapid biochemistry testing device (Cholestech LDX

Scan-Moni, Abbott Diagnostics Medical, Tokyo, Japan). The
β-ketone level was measured using a Freestyle Precision Neo
(Abbott) device with a β-ketone Measurement Electrode III.
Plasma total cholesterol concentration was measured using a
Total Cholesterol Assay Kit (CBL Cell Biolabs, San Diego, CA,
USA).

2.7 Histochemical analysis

The mice were deeply anesthetized with isoflurane, the
abdominal cavity was opened, and whole blood was collected
from the inferior vena cava using a syringe. The livers and
adipose tissues were immediately removed, submerged in ice-
cold PBS, and weighed. The middle sections of the left lobe of
the liver and adipose tissues were fixed in 10% neutral-
buffered formalin for histological analysis of lipid droplets.
The number and size of adipocytes and lipid droplets observed
in hematoxylin–eosin (H&E)-stained paraffin sections of
adipose tissues and the left lobe of the liver were analyzed
using an all-in-one fluorescence microscope (BZ-X800)
equipped with hybrid cell counting and analysis software
(Keyence, Osaka, Japan).

2.8 Western blot analysis

The relative levels of target proteins in the muscle and liver
were determined using western blot (WB) analysis, as pre-
viously described.31 Briefly, equal amounts of homogenized

Fig. 1 Materials used and experimental designs for the male mouse study. (a) Chemical structures of pyrroloquinoline quinone (PQQ) and imidazo-
pyrroloquinoline (IPQ). (b) Control (AIN-93M), 0.02% (w/w) PQQ-, and 0.02% (w/w) IPQ-containing diets (AIN-93M). (c) Experiment 1 investigated
the effects of lifelong PQQ and IPQ intake on growth, lifespan, and aging-related alterations in 4 week-old male SAMP8 mice. Periodically, weight,
food-intake, and survival were checked, blood tests were performed, and appearance and muscle function were evaluated. (d) Experiment 2 exam-
ined the effects of PQQ and IPQ intake on muscle function and lipid accumulation in middle-aged (7.6 months old) male mice. During the PQQ and
IPQ intake period, survival and muscle function were monitored, and blood tests were performed, as in Experiment 1. After the intake period,
muscle, adipose tissue, and liver were removed and analyzed histologically and biochemically. The number and age of animals used for Experiments
1 and 2 are shown in Table S1.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2026 Food Funct.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
/2

02
6 

5:
24

:4
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fo00788k


protein were subjected to SDS-PAGE on a 5–20% acrylamide
gel (c-PAGEL, ATTO, Tokyo, Japan), and the protein-containing
gel was transferred onto a PVDF membrane. Membranes were
blocked with 3% BSA and incubated with the primary anti-
bodies in Table S2. After washing, the membranes were incu-
bated with an HRP-conjugated secondary antibody and visual-
ized using Pierce ECL Plus Substrate (Thermo Fisher
Scientific, Waltham, MA, USA). Western blot signals were
detected and analyzed using an Amersham Typhoon scanner
(Cytiva, Marlborough, MA, USA).

2.9 Fatty acid oxidation assay

Liver fatty acid oxidation activity was determined using a fatty
acid oxidation kit (Assay Genie, Dublin, Ireland) with octanoyl-
CoA as a substrate, using the supernatant from frozen–thawed
liver homogenate centrifuged at 10 000g, according to the man-
ufacturer’s protocol.

2.10 Statistical analysis

All statistical analyses were performed using the JMP statistical
software package (SAS Institute, Cary, NC, USA). For the life-
span analysis, survival curves were estimated for each group
separately using the Kaplan–Meier method, and compared
statistically using the log-rank and Gehan tests. A one-way
ANOVA was performed, followed by Dunnett’s test, to compare
the mean measurements between the treatment and control
groups. A paired-sample t-test was used to compare the means
between two related groups of samples. An ANCOVA was used
to compare the regression lines. The Kruskal–Wallis test was
used to determine statistically significant differences between
the medians. Statistical significance was set at p < 0.05.

3. Results
3.1 Effects of lifelong PQQ and IPQ intake on growth,
lifespan, and age-related alterations (Experiment 1)

Experiment 1 investigated the effects of lifelong PQQ and IPQ
intakes on age-related changes in growth, lifespan, blood bio-
chemical properties, appearance, and muscle function.

3.1.1 Growth and lifespan. No significant differences were
observed in body weight gain among the control, PQQ, and
IPQ groups during the growth period from weaning (Fig. 2a
and S1). After 4 months of age, weight gain in the control
group nearly stopped, whereas that in the PQQ and IPQ groups
continued to increase gradually. At 5 months of age, the mean
body weights of the PQQ and IPQ groups were significantly
higher (∼10%) than that of the control group and remained so
thereafter. Weight loss in older animals began at ∼10 months
of age, and the body weight of the IPQ group decreased to a
value similar to that of the control group. However, the PQQ
group maintained a value ∼10% higher than that of the
control group until an older age (Fig. 2a).

Food intake was ∼3.8 g per mouse per d in all groups during
the growth period (up to ∼3 months of age, Fig. S1b) and then
gradually decreased with age in all groups, reaching ∼65% of the
3 month-old level (∼2.5 g per mouse per d) at 20 months of age
(Fig. S2). However, no apparent difference was observed in the
overall changes in food intake over the lifespan among the
control, PQQ, and IPQ groups, indicating that the differences in
body weight after 5 months of age were not because of differences
in food intake owing to food color or other factors (Fig. 1b).

Fig. 2b shows the Kaplan–Meier survival curves (uncen-
sored) for the control, PQQ, and IPQ groups. Survival began to
decline at 6.1 months of age in the control group, whereas the

Fig. 2 Effects of PQQ and IPQ intake on body weight and lifespan of male SAMP8 mice. (a) Age-related change in body weights of control (blue),
PQQ (red), and IPQ (green) groups. Compared with the control group, * p < 0.05 (Dunnett’s post-hoc test). Data are presented as the mean ± SEM.
(b) Kaplan–Meier survival curves of control (blue), PQQ (red), and IPQ (green) groups. The survival curves were analyzed by log-lank and Gehan
tests (see section 3.1.1. Growth and lifespan).
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onset of death was significantly prolonged to 9.1 and
10.6 months in the PQQ and IPQ groups, respectively, indicat-
ing a delay in the onset of death. The survival curves of the
PQQ and IPQ groups were further analyzed using the log-rank
test and Gehan (Gehan–Breslow–Wilcoxon) test, which empha-
sizes the change in early survival rate (Table 1). In the compari-
son of overall survival between the control and PQQ groups
(log-rank test: p = 0.6570, Gehan test: p = 0.1559), and that
between the control and IPQ groups (log-rank test: p = 0.7957,
Gehan test p = 0.4247), the p-values for both PQQ and IPQ
were smaller in the Gehan test than in the log-rank test,
suggesting that the mortality risk from young to middle age
may be diminished by PQQ and IPQ intake. Therefore, we
examined survival days at the 75th, 50th, and 25th percentiles
in the PQQ and IPQ groups compared with the control group
(Table 2). The survival days at the 75th percentile were
extended by 73.2% and 36.1% in the PQQ and IPQ groups,
respectively. The PQQ group showed significant differences in
both the log-rank and Gehan tests in the intervals up to the
75th and 50th percentiles compared with the control group
(Table 3). In the IPQ group, significant differences were
observed using both tests in the interval up to the 75th percen-
tile compared with the control group. These results suggest

that PQQ and IPQ intake, particularly PQQ intake, reduced
mortality in middle-aged mice.

3.1.2 Blood biochemical properties. The effects of lifelong
PQQ and IPQ intake on age-related changes in blood glucose,
triglyceride, β-ketone, HDL-cholesterol, and plasma total chole-
sterol levels are shown in Fig. S3. The blood glucose (Fig. S3a)
and β-ketone levels (Fig. S3c) remained relatively stable through-
out life in all three groups. Triglyceride levels gradually decreased
with age, reaching 50–60% of their young levels in old age, but
no significant difference was observed among the three groups
(Fig. S3b). Conversely, HDL-cholesterol levels increased with age
in all groups, reaching ∼1.5 times the levels at 12 months of age
compared to those at 3 months of age (Fig. S3d). Plasma total
cholesterol levels tended to be higher in the control group at
young ages, but remained stable at ∼150 mg dL−1 in the middle-
and old-age groups. In the PQQ and IPQ groups, the levels
remained ∼150 mg dL−1 throughout life (Fig. S3e).

3.1.3 Appearance aging. Photographs of age-related
changes in integument conditions are shown in Fig. 3a and
S4. In all three groups, the coat condition gradually deterio-
rated with age. In particular, glossiness and coarseness
showed significant age-related changes (Fig. S5b–S5e).
Notably, in the PQQ and IPQ groups, the increase in the total
grading score was significantly slower than in the control
group (Fig. 3b). However, at older ages (after 12 months), no
differences were observed among the three groups (Fig. S5).
This is because mice with poor coat conditions tended to have
relatively short lifespans, whereas mice with good coat con-
ditions tended to have longer lifespans.

3.1.4 Muscle function. The four-limb hanging strength of
the PQQ group was higher than that of the control group at
3 months of age. Limb hanging strength decreased with age at
approximately the same rate as that in the control group. The
performance of the IPQ group was similar to that of the
control group at 3 months of age, but the age-related decrease
in the rate of muscle strength was slower (Fig. 4a).

The two-limb hanging test showed a performance trend
similar to that of the four-limb hanging test. Performance in
the PQQ group was ∼1.4 times higher than that in the control
group at 3 months of age; however, both groups declined at
approximately the same rate with age (Fig. 4b). The rate of
decline in muscle function with age in the IPQ group was
approximately half that in the control group.

Performance in the four-limb grip strength test declined
with age in all three groups, with no significant differences
between groups (Fig. 4c).

Table 1 Statistical results of log-rank and Gehan tests for overall
Kaplan–Meier survival curves in male SAMP8 mice during PQQ and IPQ
intake

Groups Number Median, d (95% CI)
Log-rank Gehan
p-Value p-Value

Control 15 455 (291–588) — —
PQQ 16 513 (453–610) 0.6570 0.1559
IPQ 15 422 (356–602) 0.7957 0.4247

Data are presented as median age in days, with 95% confidence
interval (CI) in parentheses.

Table 2 Survival days in the 75th, 50th (median), and 25th percentiles
for the control, PQQ, and IPQ groups

Groups

75th percentile
50th percentile
(median) 25th percentile

d % extension d % extension d % extension

Control 269 0 455 0 596 0
PQQ 466 73.2 513 12.7 617 3.5
IPQ 366 36.1 422 −7.3 633 6.2

Table 3 Log-rank and Gehan tests for Kaplan–Meier survival rates in the 75th, 50th, and 25th percentiles

Control vs. Number

75th percentile 50th percentile (median) 25th percentile

Log-rank (p) Gehan (p) Log-rank (p) Gehan (p) Log-rank (p) Gehan (p)

PQQ 16 0.0067** 0.0114* 0.0109* 0.0165* 0.0915 0.0533
IPQ 15 0.0067** 0.0114* 0.6197 0.2463 0.4010 0.4542

Log-rank and Gehan tests, * p < 0.05, ** p < 0.01.
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3.2 Effects of PQQ and IPQ intake initiated from middle-age
on age-related alterations (Experiment 2)

Experiment 2 investigated the effects of PQQ and IPQ intake
on age-related changes from middle age onwards in mice fed a
long-term maintenance diet after weaning and reaching
7.6 months (33 weeks) of age.

3.2.1 Changes in body weight and survival from middle-
age. Fig. S6 shows the changes in body weight and amount of
intake for diets containing PQQ and IPQ in 33 week-old mice
after 2 weeks of acclimation. The daily food intake per mouse
gradually decreased with age in all groups, falling to ∼55% of
that at the start of the experiment. However, the body weight
remained relatively constant throughout the study in all three

Fig. 3 Effects of PQQ and IPQ on the appearance aging of male SAMP8 mice. (a) Representative images of the backs of mice of different ages in
the control, PQQ, and IPQ groups. (b) Age-related changes in integument grading scores with age. Compared with the control, * p < 0.05 deter-
mined using one-way ANOVA followed by Dunnett’s post-hoc test. Data are presented as the mean ± SEM. Control, n = 11–15; PQQ, n = 14–15; IPQ,
n = 13. Details of the number of mice used at each age in the experiment are shown in Table S1.

Fig. 4 Effects of PQQ and IPQ on age-related alterations in muscle function. (a) Four-limb hanging, (b) two-limb hanging, and (c) four-limb grip
strength tests. The rate of change in muscle function with age was measured using a regression line calculated using the least-squares method. The
linear regression equation (y = ax + b), Pearson’s correlation coefficient (R), and significance level (p) for each test are shown. Control, n = 9–14;
PQQ, n = 14–16; IPQ, n = 11–15. Details of the number of mice used at each age are shown in Table S1. Data are presented as the mean ± SEM. The
differences in the slope and intercept between the three groups were tested using ANCOVA. In all three tests, no significant difference was observed
in the slope between the control and PQQ groups and between the control and IPQ groups; a significant difference was observed in the intercept of
the four- and two-limb hanging tests between the control and PQQ groups (p < 0.05).
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groups. No significant differences in body weight or food
intake were observed among the three groups.

Regarding survival rate, 3–4 deaths occurred in each group
during the study period (Fig. S7). The first deaths occurred on
days 41, 47, and 67 in the control, IPQ, and PQQ groups,
respectively. Although no significant difference was observed
between the survival curves of each group, the changes in the
survival rate were similar to those observed in the long-term
intake experiment (Experiment 1, Fig. 2b).

3.2.2 Blood biochemical properties. Blood glucose levels in
the control, PQQ, and IPQ groups, which were 80–85 mg dL−1

before intake, increased to ∼110 mg dL−1 in all groups after 6
weeks of treatment and remained elevated by week 12 (Fig. S8a).
This level was similar to the mean blood glucose levels
(100–115 mg dL−1) of the age-matched mice in Experiment 1,
suggesting that switching from the CE-7 long-term maintenance
diet (CLEA, Japan) to the AIN-93M purified diet (Oriental Yeast)
may have affected the increase in blood glucose levels.

In the control, PQQ, and IPQ groups, triglyceride levels
decreased to 70–80% of the pre-treatment levels by week 12,
but no significant differences were observed among the groups
(Fig. S8b). Similar to blood glucose levels, HDL-cholesterol
levels increased to 120–130% of the pre-treatment levels in all
groups by week 12 (Fig. S8d). The changes in triglyceride and
HDL-cholesterol levels may have been associated with age-
related changes rather than the effects of dietary changes (see
section 3.1.2. Blood biochemical properties).

The β-ketone and plasma total cholesterol levels remained
relatively constant throughout the experimental period in the
control, PQQ, and IPQ groups (Fig. S8c and S8e). No differ-
ences were observed in the hematocrit levels among the three
groups at the end of the experiment (Fig. S8f).

These results indicate that no apparent change in blood
biochemical properties occurred with PQQ or IPQ intake from
middle-age onwards.

3.2.3 Muscle function. The muscle function of the 33 week
(7.6 month)-old mice was approximately 30% lower than that
of 3 month-old mice (Fig. 4).

The effects of PQQ and IPQ intake at middle-age on muscle
function are shown in Fig. 5. The relative score in the four-
limb hanging test was ∼1.7 times higher after 6 weeks of PQQ
intake than before the start of supplementation, but no signifi-
cant difference was observed (Fig. 5a). In the IPQ group, the
relative performance increased significantly by ∼1.4-fold after
6 and 12 weeks of intake compared to that before the start of
intake (Fig. 5a). Meanwhile, relative performance in the two-
limb hanging test increased significantly by ∼2.4-fold and 1.4-
fold after 6 weeks of PQQ and IPQ intake, respectively, com-
pared to that at the start of intake and remained high even
after 12 weeks (Fig. 5b). No effect of PQQ or IPQ was observed
on the four-limb grip strength score (Fig. 5c).

We investigated the relationship between muscle function,
quantity and quality, and mitochondrial content in middle-
aged mice fed PQQ and IPQ diets.

Fig. 5d shows representative photographs and weights of
five hindlimb muscles [tibialis anterior (TA), quadriceps

femoris (QF), soleus (SOL), plantaris (PL), and gastrocnemius
(GC)] in mice fed PQQ and IPQ diets for 12 weeks from middle
age. The average weights of the TA, QF, and GC muscles in the
PQQ group were 5–15% higher than those in the control
group, but this difference was not significant (Fig. 5d). No sig-
nificant differences were observed in any of the muscle
weights examined between the IPQ and control groups
(Fig. 5d). To clarify the relationship between muscle weight
and function, we conducted correlation analyses between
muscle weight and four-limb hanging, two-limb hanging, and
four-limb grip strength scores for each individual but no sig-
nificant correlation was observed (Fig. S9).

Therefore, we investigated the differences in muscle quality
by quantifying the fast-twitch myosin heavy chain isoform
MYH4 and slow-twitch myosin heavy chain isoform MYH7
expressed in each muscle using western blot analysis. The
expression level of MYH4 was high in the QF and GC, which
are fast-twitch muscles, and low in the SOL, which is
a slow-twitch muscle. Conversely, MYH7 was mainly
expressed in the SOL (Fig. 5e and S10). However, no signifi-
cant differences in MYH4 and MYH7 levels were observed
between the control and the PQQ or IPQ groups in any
muscle (Fig. 5e).

We investigated mitochondrial content, which affects
muscle endurance, based on the electron transport chain pro-
teins SDHA and ATP5A1, using western blot analysis. The
levels of both mitochondrial proteins were ∼2–3 times higher
in the QF and SOL than in the GC (Fig. 5f and S11). However,
no significant changes were observed between the PQQ and
IPQ groups (Fig. 5f).

3.2.4 Adipose tissue weight and adipocyte size. We investi-
gated the effects of PQQ and IPQ intake initiated from middle-
age on the number and size of adipocytes in the subcutaneous
and visceral fat. The weights of the subcutaneous fat (SUB),
epididymal fat (EPI), retroperitoneal fat (RET), mesenteric fat
(MES), and brown adipose tissue (BAT) are shown in Fig. 6a, b
and S12.

The average weights of the five types of adipose tissues were
slightly higher in the PQQ group than in the control group
and, conversely, tended to be lower in the IPQ group. Although
differences in adipose tissue weight were observed between the
PQQ and IPQ groups, no significant differences were observed
between the control and either treatment group (Fig. 6a, b and
S12).

We analyzed the adipocyte size in the subcutaneous and
epididymal fat of the PQQ and IPQ groups. Although no sig-
nificant difference was noted in the adipocyte size of either
tissue between the PQQ and control groups, a higher pro-
portion of small cells was observed in the IPQ group (Fig. 6e–j
and S13).

3.2.5 Accumulation of lipid droplets in liver. Since IPQ
intake reduced the amount of adipose tissue, we examined the
effects of PQQ and IPQ on the accumulation of lipid droplets
in the liver during middle-age.

Fig. 7a–c and S14a show the livers in the control, PQQ, and
IPQ groups. The livers in the control and PQQ groups were
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slightly whitish-ochre (Fig. S14), whereas the livers of many
IPQ animals showed a dark ochre color, similar to that
observed in young animals, and liver weight was slightly
reduced (∼10%, p < 0.1; Fig. 7d).

H&E-stained liver sections revealed the accumulation of
lipid droplets of various sizes in all three groups. The average
percentage of lipid droplet area in the liver was similar
between the control (13.1 ± 1.8%) and PQQ (13.3 ± 3.7%)
groups, but was reduced in the IPQ group (5.5 ± 4.2%, p <

0.05) compared with the control group (Fig. 7a–c). In terms of
the proportion of lipid droplet sizes, the IPQ group had a
higher number of small lipid droplets relative to the control
and PQQ groups (Fig. 7e–g).

3.2.6 Fatty acid oxidation activity in liver. Decreased mito-
chondrial quantity and function may lead to hepatic fat
accumulation. The decrease in hepatic lipid droplets associ-
ated with the IPQ diet may be due to an increase in the mito-
chondrial number and/or enhancement of fatty acid metab-

Fig. 5 Effects of PQQ and IPQ intake initiated from middle-age on muscle function in male SAMP8 mice. (a) Four-limb hanging, (b) two-limb
hanging, and (c) four-limb grip strength tests. The scores for each test are expressed relative to the mean scores of the control (blue, n = 8–11),
PQQ (red, n = 8–11), and IPQ (green, n = 10–13) groups before intake. (d) Muscle weight of hindlimb: tibialis anterior (TA), quadriceps femoris (QF),
soleus (SOL), plantaris (PL), gastrocnemius (GC) muscles. (e) Western blot analysis of myosin heavy chain 4 (MYH4) and 7 (MYH7) in equal-amount
mixtures of muscle homogenate from five mice in each group (raw data are shown in Fig. S10b). The relative levels in each group (Fig. S10c) were
normalized to the relative level of pooled homogenate of each muscle. (f ) Western blot analysis of succinate dehydrogenase complex subunit A
(SDHA) and ATP synthase F1 subunit alpha (ATP5A1) (raw data and individual analysis are shown in Fig. S11b and c, respectively). C, control; P, PQQ; I,
IPQ group. Compared with the group before initiation of diet, # p < 0.05, ## p < 0.01 (paired t-test). Compared with the control group at the same
age, * p < 0.05, ** p < 0.01 (Dunnett’s post-hoc test). Data are presented as the mean ± SEM.
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olism. Accordingly, we quantified mitochondrial levels via
western blot analysis of the mitochondrial proteins SDHA and
ATP5A1, and measured hepatic β-oxidation activity in vitro
(Fig. S15a and S15b).

No significant differences were observed in the levels of the
mitochondrial proteins among the control, PQQ, and IPQ
groups. In contrast, mitochondrial β-oxidation was ∼20%
higher in the PQQ group than in the control group, whereas
the activity in the IPQ group was similar to that in the control
group (Fig. S15d).

These results suggest that IPQ intake reduced the amount
of lipid droplets in the livers of middle-aged mice without
affecting mitochondrial levels or fatty acid oxidation activity.

4. Discussion
4.1 Effects of lifelong PQQ or IPQ intake

Research into longevity-promoting compounds, such as gero-
protectors, which may promote healthy aging and extend the

Fig. 6 Effects of PQQ and IPQ intake initiated from middle-age on adipose tissues in male SAMP8 mice. Weight of adipose tissue and adipocyte
size distribution in subcutaneous fat (SUB) (left) and epididymal fat (EPI) (right). (a and b) Representative appearance and weight of adipose tissue. (c
and d) Hematoxylin–eosin (H&E)-stained sections of adipose tissue and average number of adipose cells per mm2. No significant difference was
observed compared with control group (Dunnett’s post-hoc test). (e and f) Relative frequency histograms and average of median. Compared with
the control group in the same size range, * p < 0.05 (Dunnett’s post-hoc test). (g and i) Box plots represent the median (bold line), mean (X), inter-
quartile range (rectangle), and lower and upper limits (whiskers). Compared with the control group, † p < 0.05 (Kruskal–Wallis rank-sum test). (h and
j) Cumulative distribution of adipocyte sizes. Compared with the control group in the same size range, * p < 0.05 (Dunnett’s post-hoc test).
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human lifespan, has actively focused on plant compounds and
microbial metabolites.32–34 To evaluate the lifespan-extending
effects of candidate geroprotectors, yeast and nematodes
(Caenorhabditis elegans) are often used because of their short
lifespans and relatively easy maintenance.35,36 Various com-
pounds have been reported to extend the lifespan of nema-
todes, including plant compounds (e.g., resveratrol, curcumin,
quercetin, astragalus polysaccharide, and ginsenosides),
microbial products (e.g., rapamycin), and metabolic intermedi-
ates and drugs (e.g., nicotinamide mononucleotide, alpha-
ketoglutarate, and metformin).36 In contrast, compounds that
extend the lifespan of mice maintained under normal con-
ditions are limited to metformin37 and rapamycin,38,39 while
resveratrol40,41 and curcumin41,42 have not shown promising
effects. Even if some candidate geroprotectors are effective in
invertebrates such as insects, they may not be effective in
mammals such as mice. Indeed, recent data on the lifespan-
extending effects of 20 compounds revealed that studies on
C. elegans are unlikely to identify compounds that extend
mouse lifespan.43

In nematodes, PQQ exhibited significant lifespan-extending
effects, whereas IPQ showed little activity.24 The longevity-pro-
moting effect of PQQ is attributed to its redox properties,24

whereas IPQ lacks redox activity.18,23

In our mouse experiments, although there were differences
in the degree of lifespan-extending effects between PQQ and
IPQ, both effectively suppressed the decline in early survival
rates, suggesting that the mechanisms underlying lifespan
regulation differ between nematodes and mammals, and the
existence of a lifespan-promoting mechanism that does not
solely depend on redox reactions. Elucidating this novel
mechanism is an important subject for future research.

In addition to reducing early mortality, PQQ and IPQ
delayed the appearance of aging. Both PQQ and IPQ intake
maintained a healthy and glossy integument even in middle-
aged and older individuals, suppressing the progression of
appearance aging. Studies on twins have shown that people
who appear to be younger than their chronological age live
longer.44,45 Indeed, in this study, mice that lived longer tended
to have less severe fur aging (Fig. S4). This may be because the

Fig. 7 Effects of PQQ and IPQ intake initiated from middle-age on accumulation of lipid droplets in the liver of male SAMP8 mice. Representative
liver appearance and H&E-stained tissues in the control (a), PQQ (b), and IPQ (c) groups. The numbers below each H&E-staining image indicate the
percentage area of the lipid droplets. (d) Liver weight. The number of animals used is shown on each bar. (e) Relative frequency, (f ) box plots, and (g)
cumulative distribution of lipid droplets (n = 3). Data are presented as the mean ± SEM. C, control group; P, PQQ group; I, IPQ group.
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biological activities of PQQ and IPQ, such as cell proliferation-
promoting and radical scavenging activities, have a beneficial
effect on cells that affect fur growth and luster.13–15

A notable effect of PQQ and IPQ was the attenuation of age-
related decline in muscle function, particularly in the four-
and two-limb hanging tests but not in the four-limb grip
strength test (Fig. 4). The hanging test evaluates muscle
strength, coordination, and endurance by measuring the time
spent hanging from a wire, and is particularly sensitive to neu-
romuscular disorders, making it useful for assessing neuronal
function in rodents.46 These results suggest that PQQ and IPQ
may be effective in improving neuromuscular function with
aging. However, in the two hanging tests, the PQQ and IPQ
groups showed different effects on age-related alterations.
Specifically, PQQ intake improved muscle performance
without altering the rate of age-related decline in muscle func-
tion. In contrast, IPQ intake did not affect muscle function in
young animals but reduced the rate of decline with age
(Fig. 3). The mechanisms by which PQQ and IPQ affect age-
related alterations in muscle function may vary, requiring
further exploration in future studies.

4.2 Effects of PQQ and IPQ intake initiated from middle-age

Aging intervention experiments targeting middle-aged individ-
uals are important for addressing the realistic health concerns
experienced during this life phase. Accordingly, we focused on
the effects of PQQ and IPQ on muscle function and fat
accumulation in middle-aged SAMP8 mice. This experiment
was initiated at 7.6 months of age, which corresponds to ∼50
years of age in humans.47

The muscle function of middle-aged (7.6 months old) mice
was ∼30–50% lower than that of young (3 month-old) mice
(Experiment 1, Fig. 4). Notably, after 6 weeks of PQQ and IPQ
administration in middle-aged mice, the performance in the
four- and two-limb hanging tests recovered in both groups to
almost the same level as that of young mice. However, PQQ
and IPQ administration had no significant effect on muscle
weight and fast- and slow-twitch myosin heavy chain isoform
levels, suggesting that the improvement in muscle function
was not due to changes in muscle quantity or quality.
Furthermore, PQQ and IPQ had no significant effects on the
mitochondrial levels (in terms of SDHA and ATP5A1
expression). An increase in mitochondriogenesis has been
observed in the liver of middle-aged rats administered PQQ for
8 months.48 The difference in our mouse study may be due to
the shorter administration period (12 weeks) compared to the
rat experiment (8 months) and/or species differences.

Our analyses indicated that both lifelong and midlife
administrations of PQQ and IPQ improved neuromuscular
function in mice. Neuromuscular function refers to the co-
ordinated activity of the nervous system and muscles.49–51

Signals from the brain travel through nerves to the muscles,
enabling overall physical performance. PQQ and IPQ have
been reported to protect neurons from various stressors and
improve brain function.18,19 The improvement in neuromuscu-
lar function by PQQ and IPQ may be due to the prevention and

improvement of age-related dysfunction of the nervous system
and neuromuscular junctions. Elucidating the mechanisms by
which PQQ and IPQ prevent and improve age-related decline
in neuromuscular function is an important future challenge.

Regarding body fat and health, the accumulation of excess
fat in the body increases the risk of developing various age-
related diseases and, consequently, the risk of death.4–7

However, maintaining a moderate amount of body fat is
important for older adults to reduce their risk of death from
disease and maintain physical activity.52,53 Previous experi-
ments have shown that PQQ suppresses high-fat diet-induced
obesity in young adult (8 week-old) mice25 and also suppresses
the age-related decline in fat mass in aged (83 week-old)
mice.54 These findings suggest that PQQ plays an important
role in the inhibition of excessive lipid accumulation and loss,
and regulation of fat storage in the body. In this study, the
adipose tissue weight of middle-aged mice administered PQQ
tended to be slightly higher than that of the controls, which
may have contributed to their longevity (Fig. S12). In contrast,
IPQ tended to reduce fat accumulation in the body, particu-
larly by reducing hepatic lipid droplet accumulation. However,
IPQ intake did not induce mitochondriogenesis or β-oxidation
activity, suggesting that the reduction in hepatic lipid droplet
accumulation may be due to the suppression of fat absorption
from the intestine and fat synthesis in the body; this requires
experimental verification in the future.

In this study, the effects of PQQ and IPQ in ameliorating
age-related alterations differed greatly. Importantly, orally con-
sumed PQQ may be converted to IPQ compounds during food
digestion in the alimentary canal because PQQ is a highly reac-
tive compound that readily reacts with various amino group-
containing substances.55,56 In mice, orally administered radio-
labeled PQQ was readily absorbed in the lower small intestine
and accumulated in the skin within 24 h.57 Furthermore, a
rapid increase in PQQ concentrations in serum was observed
within a few hours after a single oral administration of PQQ in
humans.58,59 These results suggest that a large proportion of
orally administered PQQ is absorbed without changing its
form in the small intestine, delivered to various tissues, and
taken up by cells,60 potentially exerting its physiological
effects. In addition, even if some of the PQQ were to change
into IPQ, the biological activity of IPQ is almost the same as
that of PQQ,18,23 and is thus unlikely to have any adverse
effects on physiological functions.

4.3 Possible molecular mechanisms by which PQQ and IPQ
ameliorate age-related changes

Even without a clear cause, such as an infection, high serum
levels of inflammatory markers may persist in older adults,
and this chronic inflammatory state can contribute to age-
related diseases.61,62 This process, known as inflammaging, is
thought to cause widespread systemic chronic inflammation
across tissues, promoting the development of various age-
related diseases such as arteriosclerosis, sarcopenia, frailty,
and cognitive impairment.63 The main causes of this uncon-
trolled inflammatory environment are cytokines and chemo-
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kines. In aged cells and tissues, factors such as interleukin-6
(IL-6) and tumor necrosis factor (TNF-α) are actively syn-
thesized and secreted, acting on surrounding normal cells to
induce chronic inflammation—a phenomenon known as
senescence-associated secretory phenotype. Therefore, elimi-
nating inflammation is considered a promising means of pro-
moting anti-aging.61–63 In our previous experiment on aged
C57BL/6J mice (83 weeks old) fed the same PQQ-containing
diet (0.02% w/w AIN-93M) for 2 months, age-related muscle
function declines were restored, and the levels of proinflam-
matory genes (regulating IL-6, IL-1β, and TNF-α) in the
muscles were significantly reduced.54 Inhibition of inflamma-
tory responses by PQQ intake has also been observed in obese
rats,64 mice,65 weaned piglets,66 and humans.58 The suppres-
sion of pro-inflammatory gene expression by PQQ adminis-
tration has been associated with the inhibition of NF-κB acti-
vation in an IL-1β-treated SW982 cell culture system.67 In the
current study, PQQ and IPQ intake may have contributed to
suppressing the decline in survival rates and improving
muscle function in middle-aged individuals by reducing sys-
temic inflammatory responses, including those in the
muscles.

Alteration of mitochondrial function is closely related to
the progression of aging, since it not only affects energy pro-
duction and overall metabolic function but also increases the
production of reactive oxygen species.68 PQQ has been
reported to exert intracellular antioxidant activity, reducing
intracellular reactive oxygen species levels54 and protecting
mitochondrial function.69 Although little is known of the
effects of IPQ on aging compared to PQQ, it has been shown
to exert protective effects against oxidative cytotoxicity induced
by hydrogen peroxide and 6-hydroxydopamine in nerve cells
and hepatocytes, and to induce the expression of PGC-1α,
which promotes mitochondrial synthesis.18 In addition, IPQ
has been reported to enhance memory and learning ability in
aged mice, similar to PQQ.18 Although no lifespan-promoting
effect was observed for IPQ in C. elegans,24 the reduction in
middle-age mortality in mice may be related to the indirect
protective effects of PQQ and IPQ against cytotoxic stress.
Further research is needed to elucidate the detailed
mechanism.

4.4 Safety of PQQ and IPQ, and human subject research

The PQQ (BioPQQ) used in this study is a functional food
ingredient developed by Mitsubishi Gas Chemical. It has been
approved for use by the U.S. Food and Drug Administration
(certified as a New Dietary Ingredient in 2008), Japanese
Ministry of Health, Labour and Welfare (permitted as a health
food ingredient in 2014), and European Commission
(approved as a Novel Food in 2018).70 Its safety has been con-
firmed in multiple studies.

IPQ, synthesized from PQQ and glycine, shows almost the
same biological activities as PQQ.23 It is important to dis-
tinguish IPQ from imidazoquinoline derivatives,71,72 which are
known for their potent immunostimulatory effects. Despite the
similarity in their names, IPQ is structurally distinct. Due to

the presence of three carboxyl groups, IPQ exhibits high water
solubility, likely preventing excessive bioaccumulation and
reducing toxicological risk. Previous toxicological assessments
have also demonstrated that IPQ has a very low toxicity
profile.18 Consistent with this, the lifespan extension observed
in the current study suggests that the risk of severe side effects
—such as cytokine storms or organ dysfunction often associ-
ated with excessive immune activation—is minimal under our
experimental conditions.

Although clinical research on the physiological functions of
PQQ in humans is limited, preclinical studies on rodents are
gradually increasing. For example, PQQ has been shown to
reduce low-density lipoprotein cholesterol and triglyceride
levels,73 improve skin barrier damage and dry skin,74 improve
sleepiness,75 improve task performance,76 and improve com-
posite and verbal memory.19 Many of these reports focus on
brain function. On the other hand, the antioxidant effects of
PQQ help reduce oxidative stress, which is involved in many
diseases. Clinical studies have shown the potential benefits of
PQQ supplementation, including improved cardiovascular
health, cognitive function, weight management, improved
insulin sensitivity, and prevention of metabolic syndrome.26

Future research should focus on determining the optimal
dosage of PQQ for specific health benefits and evaluating its
long-term efficacy and safety. We believe that the current
research findings on long-term administration in mice will be
useful for guiding future clinical research.

5. Conclusions

This study demonstrates that lifelong supplementation of PQQ
and IPQ initiated after weaning in mice reduces mortality risk
during midlife and delays the progression of aging and age-
related decline in muscular function. Furthermore, middle-age
supplementation improves age-related decline in muscular
function. IPQ reduced hepatic lipid accumulation, indicating a
new physiological function. PQQ and IPQ improve age-related
changes regardless of whether intake begins in early or
middle-age, although intake from early age is particularly
effective in diminishing mortality risk during midlife.
However, further research is needed to determine the optimal
dosage, long-term safety, and detailed mechanism of action of
PQQ and IPQ before they can be prescribed to maintain a
healthy lifespan.

Author contributions

M. T., K. I., K. O., and R. T. developed the study concept and
design. K. O. and M. T. were responsible for the execution of
the study. K. O., M. T., and R. T. were involved in animal
experiments, analysis, and data collection. K. O. and
R. T. wrote the draft of the manuscript. All authors have read
and agreed to the published version of the manuscript.

Paper Food & Function

Food Funct. This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
/2

02
6 

5:
24

:4
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fo00788k


Conflicts of interest

Authors K. I. and M. T. are employed by Mitsubishi Gas
Chemical Company Inc. (MGC) (Tokyo Japan). Toho
University’s joint research is sponsored by MGC. This study
was sponsored only by MGC.

Data availability

All data generated or analyzed during this study are included
in this manuscript and are available from the corresponding
author upon reasonable request.

Supplementary information (SI) is available. See DOI:
https://doi.org/10.1039/d6fo00788k.

Acknowledgements

We would like to express our gratitude for the full financial
support from MGC. We are very grateful to Professor
M. Kaneko, Toho University, for his valuable suggestions
regarding data analysis. We would like to thank Japan SLC Inc.
for their help in the evaluation of the degree of appearance
aging. We would also like to thank Editage (https://www.
editage.jp) for English language editing.

References

1 J. Xu, C. S. Wan, K. Ktoris, E. M. Reijnierse and A. B. Maier,
Sarcopenia is associated with mortality in adults: A sys-
tematic review and meta-analysis, Gerontology, 2022, 68,
361–376.

2 M. Nunes-Pinto, R. G. B. de Mello, M. N. Pinto, C. Moro,
B. Vellas, L. O. Martinez, Y. Rolland and P. de Souto
Barreto, Sarcopenia and the biological determinants of
aging: A narrative review from a geroscience perspective,
Ageing Res. Rev., 2025, 103, 102587.

3 T. Gustafsson and B. Ulfhake, Aging skeletal muscles: What
are the mechanisms of age-related loss of strength and
muscle mass, and can we impede its development and pro-
gression?, Int. J. Mol. Sci., 2024, 25, 10932.

4 M. R. Caunca, H. Gardener, M. Simonetto, Y. K. Cheung,
N. Alperin, M. Yoshita, C. DeCarli, M. S. V. Elkind,
R. L. Sacco, C. B. Wright and T. Rundek, Measures of
obesity are associated with MRI markers of brain aging:
The Northern Manhattan study, Neurology, 2019, 93, e791–
e803.

5 H. Zhu, X. Yi, M. He, S. Wu, M. Li and S. Gao, Childhood
obesity and age-related diseases: A systematic review and
meta-analysis of Mendelian randomization evidence,
Pediatr. Obes., 2025, e70071.

6 G. Colleluori and D. T. Villareal, Aging, obesity, sarcopenia
and the effect of diet and exercise intervention, Exp.
Gerontol., 2021, 155, 111561.

7 J. Zhang, X. Na, Z. i. Li, J. S. Ji, G. Li, H. Yang, Y. Yang,
Y. Tan, J. Zhang, M. Xi, D. Su, H. Zeng, L. Wu and A. Zhao,
Sarcopenic obesity is part of obesity paradox in dementia
development: Evidence from a population-based cohort
study, BMC Med., 2024, 22, 133.

8 T. Takeda, M. Hosokawa and K. Higuchi, Senescence-accel-
erated mouse (SAM): A novel murine model of accelerated
senescence, J. Am. Geriatr. Soc., 1991, 39, 911–919.

9 I. Akiguchi, M. Pallàs, H. Budka, H. Akiyama, M. Ueno,
J. Han, H. Yagi, T. Nishikawa, Y. Chiba, H. Sugiyama,
R. Takahashi, K. Unno, K. Higuchi and M. Hosokawa,
SAMP8 mice as a neuropathological model of accelerated
brain aging and dementia: Toshio Takeda’s legacy and
future directions, Neuropathology, 2017, 37, 293–305.

10 J. Ong, K. Sasaki, F. Ferdousi, M. Suresh, H. Isoda and
F. G. Szele, Senescence accelerated mouse-prone 8: A
model of neuroinflammation and aging with features of
sporadic Alzheimer’s disease, Stem Cells, 2025, 43, sxae091.

11 S. Mankhong, S. Kim, S. Moon, H. Kwak, D. Park and
J. Kang, Experimental models of sarcopenia: Bridging
molecular mechanism and therapeutic strategy, Cells, 2020,
9, 1385.

12 J. Alonso-Puyo, O. Izagirre-Fernandez, O. Crende,
A. Valdivia, P. García-Gallastegui and B. Sanz, Experimental
models as a tool for research on sarcopenia: A narrative
review, Ageing Res. Rev., 2024, 101, 102534.

13 M. Akagawa, M. Nakano and K. Ikemoto, Recent progress
in studies on the health benefits of pyrroloquinoline
quinone, Biosci. Biotechnol. Biochem., 2016, 80, 13–22.

14 K. R. Jonscher, W. Chowanadisai and R. B. Rucker,
Pyrroloquinoline-quinone is more than an antioxidant: A
vitamin-like accessory factor important in health and
disease prevention, Biomolecules, 2021, 11, 1441.

15 M. Dong, X. Ming, T. Xiang, N. Feng, M. Zhang, X. Ye,
Y. He, M. Zhou and Q. Wu, Recent research on the physico-
chemical properties and biological activities of quinones
and their practical applications: A comprehensive review,
Food Funct., 2024, 15, 8973–8997.

16 A. Ouchi, M. Nakano, S. Nagaoka and K. Mukai, Kinetic
study of the antioxidant activity of pyrroloquinolinequinol
(PQQH(2), a reduced form of pyrroloquinolinequinone) in
micellar solution, J. Agric. Food Chem., 2009, 57, 450–456.

17 K. Saihara, R. Kamikubo, K. Ikemoto, K. Uchida and
M. Akagawa, Pyrroloquinoline quinone, a redox-active
o-quinone, stimulates mitochondrial biogenesis by activat-
ing the SIRT1/PGC-1α signaling pathway, Biochemistry,
2017, 56, 6615–6625.

18 Y. Yamada, K. Nishii, K. Kuwata, M. Nakamichi,
K. Nakanishi, A. Sugimoto and K. Ikemoto, Effects of pyrro-
loquinoline quinone and imidazole pyrroloquinoline on
biological activities and neural functions, Heliyon, 2020, 6,
e03240.

19 M. Tamakoshi, T. Suzuki, E. Nishihara, S. Nakamura and
K. Ikemoto, Pyrroloquinoline quinone disodium salt
improves brain function in both younger and older adults,
Food Funct., 2023, 14, 2496–2501.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2026 Food Funct.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
/2

02
6 

5:
24

:4
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1039/d6fo00788k
https://doi.org/10.1039/d6fo00788k
https://www.editage.jp
https://www.editage.jp
https://www.editage.jp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fo00788k


20 J. Killgore, C. Smidt, L. Duich, N. Romero-Chapman,
D. Tinker, K. Reiser, M. Melko, D. Hyde and R. B. Rucker,
Nutritional importance of pyrroloquinoline quinone,
Science, 1989, 245, 850–852.

21 F. M. Steinberg, M. E. Gershwin and R. B. Rucker, Dietary
pyrroloquinoline quinone: Growth and immune response
in BALB/c mice, J. Nutr., 1994, 124, 744–753.

22 F. Steinberg, T. E. Stites, P. Anderson, D. Storms, I. Chan,
S. Eghbali and R. Rucker, Pyrroloquinoline quinone
improves growth and reproductive performance in mice fed
chemically defined diets, Exp. Biol. Med., 2003, 228, 160–166.

23 T. Urakami, C. Yoshida, T. Akaike, H. Maeda, H. Nishigori
and E. Niki, Synthesis of monoesters of pyrroloquinoline
quinone and imidazopyrroloquinoline, and radical scaven-
ging activities using electron spin resonance in vitro and
pharmacological activity in vivo, J. Nutr. Sci. Vitaminol.,
1997, 43, 19–33.

24 H. Sasakura, H. Moribe, M. Nakano, K. Ikemoto,
K. Takeuchi and I. Mori, Lifespan extension by peroxidase
and dual oxidase-mediated ROS signaling through pyrrolo-
quinoline quinone in C. elegans, J. Cell Sci., 2017, 130,
2631–2643.

25 N. S. Mohamad Ishak, K. Ikemoto, M. Kikuchi, M. Ogawa,
K. Akutagawa and M. Akagawa, Pyrroloquinoline quinone
attenuates fat accumulation in obese mice fed with a high-
fat diet, Daphnia magna supplied with a high amount of
food, and 3T3-L1 adipocytes, ASC Food Sci. Technol., 2021,
1, 1979–1989.

26 T. Yan, M. F. Nisar, X. Hu, J. Chang, Y. Wang, Y. Wu, Z. Liu,
Y. Cai, J. Jia, Y. Xiao and C. Wan, Pyrroloquinoline quinone
(PQQ): Its impact on human health and potential benefits:
PQQ: Human health impacts and benefits, Curr. Res. Food
Sci., 2024, 9, 100889.

27 M. Hosokawa, R. Kasai, K. Higuchi, S. Takeshita,
K. Shimizu, H. Hamamoto, A. Honma, M. Irino, K. Toda,
A. Matsumura, M. Matsushita and T. Takeda, Grading
score system: A method for evaluation of the degree of
senescence in senescence accelerated mouse (SAM), Mech.
Ageing Dev., 1984, 26, 91–102.

28 A. Bonetto, D. C. Andersson and D. L. Waning, Assessment
of muscle mass and strength in mice, Bonekey Rep., 2015,
4, 732.

29 A. Aartsma-Rus and M. Putten, Assessing functional per-
formance in the Mdx mouse model, J. Visualized Exp., 2014,
85, 51303.

30 T. Higashihara, H. Nishi, K. Takemura, H. Watanabe,
T. Maruyama, R. Inag, T. Tanaka and M. Nangaku, β2- adre-
nergic receptor agonist counteracts skeletal muscle atrophy
and oxidative stress in uremic mice, Sci. Rep., 2021, 11, 9130.

31 K. Odera, S. Goto and R. Takahashi, Age-related change of
endocytic receptors megalin and cubilin in the kidney in
rats, Biogerontology, 2007, 8, 505–515.

32 G. Das, S. Kameswaran, B. Ramesh, M. Bangeppagari,
R. Nath, A. Das Talukdar, H. S. Shin and J. K. Patra, Anti-
aging effect of traditional plant-based food: An overview,
Foods, 2024, 13, 3785.

33 Y. Liu, M. Fang, X. Tu, X. Mo, L. Zhang, B. Yang, F. Wang,
Y. B. Kim, C. Huang, L. Chen and S. Fan, Dietary polyphe-
nols as anti-aging agents: Targeting the hallmarks of aging,
Nutrients, 2024, 16, 3305.

34 G. Bjørklund, M. Shanaida, R. Lysiuk, M. Butnariu,
M. Peana, I. Sarac, O. Strus, K. Smetanina and
S. Chirumbolo, Natural compounds and products from an
anti-aging perspective, Molecules, 2022, 27, 7084.

35 A. Zimmermann, S. Hofer, T. Pendl, K. Kainz, F. Madeo
and D. Carmona-Gutierrez, Yeast as a tool to identify anti-
aging compounds, FEMS Yeast Res., 2018, 18, foy020.

36 X. Chen, F. Bahramimehr, N. Shahhamzehei, H. Fu, S. Lin,
H. Wang, C. Li, T. Efferth and C. Hong, Anti-aging effects
of medicinal plants and their rapid screening using the
nematode Caenorhabditis elegans, Phytomedicine, 2024, 129,
155665.

37 A. Martin-Montalvo, E. M. Mercken, S. J. Mitchell,
H. H. Palacios, P. L. Mote, M. Scheibye-Knudsen,
A. P. Gomes, T. M. Ward, R. K. Minor, M. J. Blouin,
M. Schwab, M. Pollak, Y. Zhang, Y. Yu, K. G. Becker,
V. A. Bohr, D. K. Ingram, D. A. Sinclair, N. S. Wolf,
S. R. Spindler, M. Bernier and R. de Cabo, Metformin
improves healthspan and lifespan in mice, Nat. Commun.,
2013, 4, 2192.

38 R. A. Miller, D. E. Harrison, C. M. Astle, J. A. Baur,
A. R. Boyd, R. de Cabo, E. Fernandez, K. Flurkey,
M. A. Javors, J. F. Nelson, C. J. Orihuela, S. Pletcher,
Z. D. Sharp, D. Sinclair, J. W. Starnes, J. E. Wilkinson,
N. L. Nadon and R. Strong, Rapamycin, but not resveratrol
or simvastatin, extends life span of genetically hetero-
geneous mice, J. Gerontol., Ser. A, 2011, 66, 191–201.

39 A. Bitto, T. K. Ito, V. V. Pineda, N. J. LeTexier, H. Z. Huang,
E. Sutlief, H. Tung, N. Vizzini, B. Chen, K. Smith, D. Meza,
M. Yajima, R. P. Beyer, K. F. Kerr, D. J. Davis,
C. H. Gillespie, J. M. Snyder, P. M. Treuting and
M. Kaeberlein, Transient rapamycin treatment can increase
lifespan and healthspan in middle-aged mice, eLife, 2016,
5, e16351.

40 K. J. Pearson, J. A. Baur, K. N. Lewis, L. Peshkin,
N. L. Price, N. Labinskyy, W. R. Swindell, D. Kamara,
R. K. Minor, E. Perez, H. A. Jamieson, Y. Zhang, S. R. Dunn,
K. Sharma, N. Pleshko, L. A. Woollett, A. Csiszar, Y. Ikeno,
D. Le Couteur, P. J. Elliott, K. G. Becker, P. Navas,
D. K. Ingram, N. S. Wolf, Z. Ungvari, D. A. Sinclair and
R. de Cabo, Resveratrol delays age-related deterioration and
mimics transcriptional aspects of dietary restriction
without extending life span, Cell Metab., 2008, 8, 157–168.

41 R. Strong, R. A. Miller, C. M. Astle, J. A. Baur, R. de Cabo,
E. Fernandez, W. Guo, M. Javors, J. L. Kirkland,
J. F. Nelson, D. A. Sinclair, B. Teter, D. Williams, N. Zaveri,
N. L. Nadon and D. E. Harrison, Evaluation of resveratrol,
green tea extract, curcumin, oxaloacetic acid, and medium-
chain triglyceride oil on life span of genetically hetero-
geneous mice, J. Gerontol., Ser. A, 2013, 68, 6–16.

42 S. R. Spindler, P. L. Mote, J. M. Flegal and B. Teter,
Influence on longevity of blueberry, cinnamon, green and

Paper Food & Function

Food Funct. This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
/2

02
6 

5:
24

:4
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fo00788k


black tea, pomegranate, sesame, curcumin, morin, pycno-
genol, quercetin, and taxifolin fed iso-calorically to long-
lived, F1 hybrid mice, Rejuvenation Res., 2013, 16, 143–151.

43 M. Bene and A. B. Salmon, Testing the evidence that life-
span-extending compound interventions are conserved
across laboratory animal model species, Geroscience, 2023,
45, 1401–1409.

44 K. Christensen, M. Thinggaard, M. McGue, H. Rexbye,
J. v. B. Hjelmborg, A. Aviv, D. Gunn, F. van der Ouderaa and
J. W. Vaupel, Perceived age as clinically useful biomarker of
ageing: Cohort study, Br. Med. J., 2009, 339, b5262.

45 B. Guyuron, D. J. Rowe, A. B. Weinfeld, Y. Eshraghi,
A. Fathi and S. Iamphongsai, Factors contributing to the
facial aging of identical twins, Plast. Reconstr. Surg., 2009,
123, 1321–1331.

46 Y. Zheng, A. Lunn, J. Gao, H. Chen and Y. Yao, Quantitative
evaluation of hindlimb grip strength in mice as a measure
of neuromuscular function, MethodsX, 2024, 14, 103118.

47 S. Goto, Chapter 1 The biological mechanisms of aging: A
historical and critical overview, in Aging Mechanisms, ed. N.
Mori and I. Mook-Jung, Springer, Tokyo, 2015, pp. 3–27.

48 A. K. Singh, S. K. Pandey, G. Saha and N. K. Gattupalli,
Pyrroloquinoline quinone (PQQ) producing Escherichia coli
Nissle 1917 (EcN) alleviates age associated oxidative stress
and hyperlipidemia, and improves mitochondrial function
in ageing rats, Exp. Gerontol., 2015, 66, 1–9.

49 E. Motanova, M. Pirazzini, S. Negro, O. Rossetto and
M. Narici, Impact of ageing and disuse on neuromuscular
junction and mitochondrial function and morphology:
Current evidence and controversies, Ageing Res. Rev., 2024,
102, 102586.

50 S. R. Iyer, S. B. Shah and R. M. Lovering, The neuromuscu-
lar junction: Roles in aging and neuromuscular disease,
Int. J. Mol. Sci., 2021, 22, 8058.

51 C. Cui, Y. Hu, R. M. Y. Wong, N. Zhang, Y. Guan and
W.-H. Cheung, Exploring motor unit and neuromuscular
junction dysfunction in aging and sarcopenia: Insights
from electromyography in systematic review, Geroscience,
2025, DOI: 10.1007/s11357-025-01760-0.

52 S. Sasazuki, M. Inoue, I. Tsuji, Y. Sugawara, A. Tamakoshi,
K. Matsuo, K. Wakai, C. Nagata, K. Tanaka, T. Mizoue and
S. Tsugane, Body mass index and mortality from all causes
and major causes in Japanese: Results of a pooled analysis
of 7 large-scale cohort studies, J. Epidemiol., 2011, 21, 417–
430.

53 J. Woo, Body mass index and mortality, Age Ageing, 2016,
45, 331–333.

54 N. S. Mohamad Ishak, M. Kikuchi and K. Ikemoto, Dietary
pyrroloquinoline quinone hinders aging progression in
male mice and D-galactose-induced cells, Front. Aging,
2024, 5, 1351860.

55 T. E. Stites, A. E. Mitchell and R. B. Rucker, Physiological
importance of quinoenzymes and the O-quinone family of
cofactors, J. Nutr., 2000, 130, 719–727.

56 M. A. van Kleef, J. A. Jongejan and J. A. Duine, Factors rele-
vant in the reaction of pyrroloquinoline quinone with

amino acids. Analytical and mechanistic implications,
Eur. J. Biochem., 1989, 183, 41–47.

57 C. R. Smidt, C. J. Unkefer, D. R. Houck and R. B. Rucker,
Intestinal absorption and tissue distribution of [14C]pyrro-
loquinoline quinone in mice, Proc. Soc. Exp. Biol. Med.,
1991, 197, 27–31.

58 C. B. Harris, W. Chowanadisai, D. O. Mishchuk,
M. A. Satre, C. M. Slupsky and R. B. Rucker, Dietary pyrrolo-
quinoline quinone (PQQ) alters indicators of inflammation
and mitochondrial-related metabolism in human subjects,
J. Nutr. Biochem., 2013, 24, 2076–2084.

59 M. Fukuda, M. H. El-Maghrabey, N. Kishikawa, K. Ikemoto
and N. Kuroda, Ultrasensitive determination of pyrroloqui-
noline quinone in human plasma by HPLC with chemilu-
minescence detection using the redox cycle of quinone,
J. Pharm. Biomed. Anal., 2017, 145, 814–820.

60 C. Kato, I. S. Parida, S. Maeda, T. Mikekado, S. Kato,
S. Takekoshi and K. Nakagawa, Cellular uptake of pyrrolo-
quinoline quinone in its intact and derivatized forms from
the cell culture medium of 3T3-L1, J. Oleo Sci., 2022, 71,
1761–1767.

61 X. Li, C. Li, W. Zhang, Y. Wang, P. Qian and H. Huang,
Inflammation and aging: Signaling pathways and interven-
tion therapies, Signal Transduction Targeted Ther., 2023, 8,
239.

62 I. M. Rea, D. S. Gibson, V. McGilligan, S. E. McNerlan,
H. D. Alexander and O. A. Ross, Age and age-related dis-
eases: Role of inflammation triggers and cytokines, Front.
Immunol., 2018, 9, 586.

63 C. Franceschi, P. Garagnani, P. Parini, C. Giuliani and
A. Santoro, Inflammaging: A new immune-metabolic view-
point for age-related diseases, Nat. Rev. Endocrinol., 2018,
14, 576–590.

64 K. Devasani and A. Majumdar, Pyrroloquinoline quinone
attenuates obesity associated low grade inflammation,
Obes. Med., 2019, 16, 100134.

65 K. R. Jonscher, M. S. Stewart, A. Alfonso-Garcia,
B. C. DeFelice, X. X. Wang, Y. Luo, M. Levi,
M. J. R. Heerwagen, R. C. Janssen, B. A. de la Houssaye,
E. Wiitala, G. Florey, R. L. Jonscher, E. O. Potma, O. Fiehn
and J. E. Friedman, Early PQQ supplementation has per-
sistent long-term protective effects on developmental pro-
gramming of hepatic lipotoxicity and inflammation in
obese mice, FASEB J., 2017, 31, 1434–1448.

66 H. Zhang, J. Li, C. Cao, B. Zhang, W. Yang, B. Shi and
A. Shan, Pyrroloquinoline quinone inhibits the production
of inflammatory cytokines via the SIRT1/NF-κB signal
pathway in weaned piglet jejunum, Food Funct., 2020, 11,
2137–2153.

67 Z. Liu, C. Sun, R. Tao, X. Xu, L. Xu, H. Cheng, Y. Wang and
D. Zhang, Pyrroloquinoline quinone decelerates rheuma-
toid arthritis progression by inhibiting inflammatory
responses and joint destruction via modulating NF-κB and
MAPK pathways, Inflammation, 2016, 39, 248–256.

68 J. A. Amorim, G. Coppotelli, A. P. Rolo, C. M. Palmeira,
J. M. Ross and D. A. Sinclair, Mitochondrial and metabolic

Food & Function Paper

This journal is © The Royal Society of Chemistry 2026 Food Funct.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
/2

02
6 

5:
24

:4
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1007/s11357-025-01760-0
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fo00788k


dysfunction in ageing and age-related diseases, Nat. Rev.
Endocrinol., 2022, 18, 243–258.

69 Y. Gao, T. Kamogashira, C. Fujimoto, S. Iwasaki and
T. Yamasoba, Pyrroloquinoline quinone (PQQ) protects
mitochondrial function of HEI-OC1 cells under premature
senescence, npj Aging, 2022, 8, 3.

70 D. Turck, J.-L. Bresson, B. Burlingame, T. Dean,
S. Fairweather-Tait, M. Heinonen, K. I. Hirsch-Ernst,
I. Mangelsdorf, H. J. McArdle, A. Naska, M. Neuhäuser-
Berthold, G. Nowicka, K. Pentieva, Y. Sanz, A. Siani,
A. Sjödin, M. Stern, D. Tomé, M. Vinceti, P. Willatts,
K.-H. Engel, R. Marchelli, A. Pöting, M. Poulsen,
J. R. Schlatter, A. de Sesmaisons and H. Van Loveren, Safety
of pyrroloquinoline quinone disodium salt as a novel food
pursuant to Regulation (EC) No 258/97, EFSA J., 2017, 15,
e05058.

71 J. D. Hantho, T. A. Strayer, A. E. Nielsen and R. J. Mancini,
An enzyme-directed imidazoquinoline for cancer immu-
notherapy, ChemMedChem, 2016, 11, 2496–2500.

72 S. Fang, B. M. Brems, E. O. Olawode, J. T. Miller,
T. A. Brooks and L. N. Tumey, Design and characterization

of immune-stimulating imidazo[4,5-c]quinoline antibody-
drug conjugates, Mol. Pharm., 2022, 19, 3228–3241.

73 M. Nakano, A. Kamimura, F. Watanabe, T. Kamiya,
D. Watanabe, E. Yamamoto, M. Fukagawa, K. Hasumi and
E. Suzuki, Effects of orally administered pyrroloquinoline
quinone disodium salt on dry skin conditions in mice and
healthy female subjects, J. Nutr. Sci. Vitaminol., 2015, 61,
241–246.

74 M. Nakano, Y. Kawasaki, N. Suzuki and T. Takara, Effects
of pyrroloquinoline quinone disodium salt intake on the
serum cholesterol levels of healthy Japanese adults, J. Nutr.
Sci. Vitaminol., 2015, 61, 233–240.

75 M. Nakano, T. Yamamoto, H. Okamura, A. Tsuda and
Y. Kowatari, Effects of oral supplementation with pyrrolo-
quinoline quinone on stress, fatigue, and sleep, Funct.
Foods Health Dis., 2012, 2, 307–324.

76 Y. Itoh, K. Hine, H. Miura, T. Uetake, M. Nakano,
N. Takemura and K. Sakatani, Effect of the antioxidant sup-
plement pyrroloquinoline quinone disodium salt (BioPQQ)
on cognitive functions, Adv. Exp. Med. Biol., 2016, 876, 319–
325.

Paper Food & Function

Food Funct. This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
/2

02
6 

5:
24

:4
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fo00788k

	Button 1: 


