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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Quancai Sun Pyrroloquinoline Quinone (PQQ) is a redox-active quinone molecule with significant implications for human
health. Originally identified as a bacterial cofactor, PQQ has since been lauded for its diverse biological and
therapeutic activities. It serves as an essential cofactor for oxidative enzymes that are vital for mitochondrial
function and ATP synthesis. PQQ exhibits superior antioxidant properties that protect against ROS-mediated
oxidative stress, aging, neurodegenerative diseases, certain cancers, diabetes, and metabolic disorders. It also
enhances cognitive abilities and reduces insulin sensitivity. PQQ’s antioxidant nature helps mitigate oxidative
stress, which is implicated in many diseases. It has been shown to target cancer cells selectively, suggesting its
potential as a therapeutic agent. Clinical studies have indicated the potential benefits of PQQ supplementation,
including improvements in cardiovascular health, cognitive function, weight management, insulin sensitivity,
and the prevention of metabolic syndromes. The safety of PQQ has been established, with no reported toxicity or
genotoxicity in various studies, and it is considered a safe nutritional supplement. Future research directions
should focus on determining the optimal dosages of PQQ for specific health outcomes and assessing its long-term
effectiveness and safety. The translation of PQQ research into clinical practice could offer new strategies for
managing metabolic disorders, enhancing cognitive health, and potentially extending lifespan. In summary, PQQ
is a promising molecule with broad potential health benefits, impacting human health from cellular metabolism
to disease prevention and treatment, positioning it as a key player in nutritional science and public health.
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1. Introduction molecule that possess a distinct molecular structure distinct from other

established cofactors like vitamins and minerals (Kasahara and Kato,

Methoxatin or pyrroloquinoline quinone (PQQ) is a novel cofactor
that has garnered significant attention from nutritionists and health
professionals recently. During 1970s, PQQ was identified as an unfa-
miliar cofactor for certain bacterial enzymes (Hauge, 1964; Rucker
et al., 2009), which subsequently reported for its remarkable versatility
and potential benefits for human health. PQQ is a redox-active quinone
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2003; Cordell and Daley, 2022). With its unique pyrroloquinoline ring
system, PQQ occurs naturally in various food sources including fer-
mented foods, vegetables, and human breast milk (Kumazawa et al.,
1992). Its identification as a bacterial cofactor has spurred further
exploration for its potential roles in mammalian physiology.
Numerous studies have consistently shown that PQQ plays a crucial
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role in various physiological processes, encompassing cellular energy
metabolism, antioxidant defense mechanisms, and even neuro-
protection (Zhu et al., 2006; Stites et al., 2000). Serving as a vital
component of mitochondrial functions and ATP synthesis, PQQ func-
tions as a cofactor for several redox activated enzymes (Cores et al.,
2023). Given its potent antioxidant properties, including free radical
scavenging and reduction of oxidative stress, PQQ holds promise for
potential applications in both the treatment and prevention of aging
associated neurodegenerative diseases (Cheng et al., 2020). PQQ im-
pacts on cognition and neuroprotection, suggest its potential as a
treatment for neurodegenerative diseases (Cheng et al., 2020; Kim et al.,
2010a). Moreover, PQQ regulates multiple cellular metabolic pathways
simultaneously, offering potential benefits for lifestyle associated con-
ditions such as diabetes and obesity (Ishak and Ikemoto, 2023; Hwang
and Willoughby, 2018). The potential role of PQQ in cardiovascular
health is also evidenced by certain studies which indicates its ability to
modulates endothelial function, mitigate inflammations, and provision
of protection against ischemic injury (Zhu et al., 2004; Shafiq et al.,
2022).

In addition, PQQ can effectively impede tumor growth along with
the enhancement of efficacy of chemotherapeutic agents and is dis-
cussed in details in the following heads. But still needs discussion over its
potential applications in cancer prevention and treatment (Zhu et al.,
2004; Zhang et al., 2015). This review provides a comprehensive un-
derstanding of the current available literature of PQQ research, potential
applications in human health and well-being (Fig. 1). Furthermore,
recent advancements in PQQ research, consolidating influential studies
elucidating its diverse biological functions and therapeutic applications
shall also be highlighted.

2. Biochemical functions of PQQ

Early in this century, PQQ was discovered as redox cofactor from
human milk (He et al., 2003). Both in vitro and in vivo studies involving
various animal models for human ailments revealed that PQQ is a strong
antioxidant regulating mitochondrial physiology and biogenesis, and
being an essential cofactor in various biological processes (Fig. 2). PQQ
exhibits potent antioxidant properties by protecting the mitochondria
against oxidative stress mediated lipid peroxidation (LPO), protein
carbonyl formation, and avoid damages incurred to the respiratory
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chain (He et al., 2003; Gao et al., 2022). During in vitro studies, the
cultured cells showed a notable death rate when exposed to PQQ. This
unexpected effect of PQQ was reversed by catalase, indicating that it
completely eradicated the production of HoO5 during PQQ autoxidation
in the culture medium. Moreover, it is assumed that the reactivity of
PQQ is based on concentration used, and it can either mitigate or
exacerbate oxidation in different biological systems (He et al., 2003).

2.1. Antioxidant properties of PQQ and role in cellular redox balance

The mitochondrial metabolism-oriented production of reactive oxy-
gen species (ROS) is a significant contributor to cellular oxidative stress
and damage to the biological macromolecules. Being a potent antioxi-
dant, PQQ plays a crucial role in neutralizing these ROS burst and
protect mitochondrial membranes and metabolic enzyme activities. This
protective effect of PQQ helps mitigate aging associated mitochondrial
dysfunction, thereby maintaining optimal metabolic activities (Nunome
et al., 2008).

PQQ is a redox-active o-quinone that can be reversibly reduced to
pyrroloquinoline quinol, also known as PQQH,, through a semiquinone
intermediate, as described in reference (McIntire, 1998). This compound
is highly stable and serves as an efficient electron transfer catalyst,
facilitating the reaction of numerous organic substrates with molecular
oxygen (O2). PQQ is also considered a key component in constructing
quinoprotein model reactions. In the presence of ascorbate, along with
NAD(P)H and glutathione (GSH), PQQ undergoes a two-electron
reduction to form PQQH; (He et al., 2003; Zhang et al., 2009; Kong
et al., 2013). The reduced form, PQQH,, is capable of oxidizing back to
its original quinone state by reducing two equivalents of Oz to 02~ This
superoxide anion (0?7) can either spontaneously or enzymatically (via
superoxide dismutase, SOD) dismutate into hydrogen peroxide (H203)
(Akagawa et al., 2016a). PQQ demonstrates superiority over known
cellular redox enzymes due to its ability to catalyze continuous redox
cycling. This property allows a small amount of PQQ, in the picomolar
range, to convert a micromolar quantity of product, as evidenced in
references (Stites et al., 2000; Liu et al., 2021).

PQQ is highly stable but an efficient electron transfer catalyst from
numerous organic substrates to molecular oxygen (03). PQQ is regarded
as constructing quinoprotein model reactions. If ascorbate is present,
NAD(P)H, and thiol compounds such as glutathione (GSH), PQQ
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Fig. 1. Naturally sourced PQQ as cofactor enhance human health via multiple physiological processes. By regulating numerous cellular signaling metabolic pathways
help reduce fat deposits to lessen the chances of obesity, minimizing oxidative stress to boost neurological and cardiac health.
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Fig. 2. Diversified biological properties of PQQ. PQQ maintains cellular immunity by quick repairing of DNA damage, overcome cellular oxidative stress and its

associated pathologies by regulation of metabolic cell signaling pathways.

undergoes a two-electron reduction to form PQQHo,.

Extensive literature demonstrates that PQQ efficiently scavenges
ROS particularly superoxide anion (0%>7) and hydroxyl ions (HO®) in
order to inhibit LPO and provide cytoprotection. PQQ reduces the
oxidative stress to safeguard heart muscle cells, oxidizes the redox site of
N-methyl-D-aspartate (NMDA) receptor, enhances thymidine integra-
tion into fibroblasts, inhibits melanin production in murine B16-F10
melanoma cells while boosting the production of nerve growth factors
(NGF) (He et al., 2003; McIntire, 1998; Zhang et al., 2009). High doses of
PQQ shown preventive effects against hypoxic/ischemic damages, sei-
zures induced by chemical agents, inflammation from carrageenan,
ethanol or carbon tetrachloride (CCls)-induced liver damage, cataract
formation, glutathione depletion in glucocorticoid-treated chicken em-
bryos, and endotoxin-induced death in in vivo models (He et al., 2003;
Kong et al., 2013). Generally it is believed that PQQ have strongest
antioxidant properties which drives these health benefits, but exact
underlying cellular or molecular mechanisms are still not fully known
(Akagawa et al., 2016a). Some preliminary authentic mechanisms for its
diverse biological activities of PQQ mainly involves modulation of res-
piratory metabolic mechanisms in mitochondria. The increased oxida-
tive stress may lead to mitochondrial LPO and other oxidative damages
which exacerbate cell death, contributing to multiple degenerative dis-
orders. Mitochondria are major contributors to cellular oxidative stress
which is acerbated by PQQ to reduce cell death by preserving mito-
chondrial functions (Hwang and Willoughby, 2018; Liu et al., 2021).

Certain reducing agents such as NADPH, sodium borohydride,
glutathione, and cysteine may readily reduce PQQ (PQQHy), which
making it strong antioxidant in vitro (He et al., 2003; Miyauchi et al.,
1999). PQQH> scavenges ROS (02’ and HO®) quite efficiently almost
multi-fold time potently than ascorbic acid which is thought as a gold
standard water soluble antioxidant (Ouchi et al., 2013; Mukai et al.,
2011). In case of 02’, PQQHS; acts as a catalyst in 02’—quenching pro-
cesses and quickly transform a-tocopheroxyl radicals into a-tocopherol
(Ouchi et al., 2013) by mitigating pro-oxidant effects of a-tocopheroxyl
radicals (Liu et al., 2021). In in vitro studies, PQQ disodium (PQQeNa,)
has been shown to protect neurons from oxidative stress-induced mor-
tality. In a study where two dopamine producing neuroblastoma cell
lines (SH-SY5Y and raw rat neurons) were exposed to neurotoxic

6-hydroxydopamine (6-OHDA), and PQQ help avoid and rescued
cellular death, even this effect was significantly superior than ascorbic
acid and vitamin E does. Like H,O,, the neurotoxic 6-OHDA also dam-
ages mitochondrial membrane protein complex I, leading to burst ROS
(HO® and H;02) generation (Cores et al., 2023; Akagawa et al., 2016b;
Hara et al., 2007).

In vivo studies using rat models for cardiovascular or cerebral
ischemia demonstrated significant reductions in ischemic damage
because PQQ quickly scavenges cellular free radicals and hence shield
mitochondria against oxidative stress-induced damages (Zhu et al.,
2004; Gong et al., 2012; Wen et al., 2020). Levels of thiobarbituric acid
reacting substances (TBARS) are indicative of malondialdehyde (MDA)
formation from lipid hydroperoxides, markedly decreased in cells
following a single dosage of PQQeNay (0.2 mg/kg body weight). The
highest plasma concentration (Cpax) of PQQeNay was strongly corre-
lated with the actual decrease in TBARS levels indicating strong anti-
oxidant properties of PQQ (Akagawa et al., 2016a; Harris et al., 2013).

Majority of the bacterial dehydrogenases relies on the dissociable
cofactor PQQ. Astonishingly PQQ efficiently catalyze redox cycling
events and promising catalyst for various carbonyl reagents (semi-
carbazides, hydrazine, & hydroxylamine) and amine containing mole-
cules to make stable complexes (Stites et al., 2000). Naturally occurring
methylotrophic bacteria are able to metabolically condense L-Tyrosine
and L-Glutamic acid to PQQ. While the role of PQQ as a cofactor in
animals and higher plants remains debated for a long time, but recently
there are compelling evidences that PQQ along with its associated
quinoids have nutritional and pharmacological significance (Smidt
et al., 1991a; Bugg, 2001). PQQ is added to chemically modified amino
acids, and high nutrition diets to promote animal body growths.
Whereas, the deficiency of PQQ in the diet seems to impede the matu-
ration of connective tissues, particularly during fetal development
throughout pregnancy, and subsequently affects overall development
(Smidt et al., 1991a; Mandala et al., 2022; Mattern et al., 2023).

2.2. PQQ facilitates mitochondrial biogenesis

Huge literature demonstrates that the bioactive compounds which
promote mitochondrial biogenesis are linked with several health
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benefits including delayed aging, improved energy utilization, and
enhanced immunity against ROS mediated oxidative stress. In an in vitro
study, PQQ induces mitochondrial biogenesis in mice hepatocytes, while
in in vivo studies where the diets were deficient in PQQ reduces mito-
chondrial content consequently less energy production (Stites et al.,
2006; Bauerly et al., 2011). Mitotracker labeling showed an increased
mitochondrial DNA quantity, enhanced cellular aerobic respiration,
citrate synthase and cytochrome c oxidase activities when the cells were
exposed to small concentrations (10-30 pm) of PQQ for 24-48 h
(Chowanadisai et al., 2009, 2010). The induction of mitochondrial
biogenesis is mediated by the activation of cAMP responsive
element-binding protein (CREB) and peroxisome proliferator-activated
receptor-y coactivator-la (PGC-la) cell signaling pathways. Applica-
tion of PQQ led to an enhanced expression of PGC-1a both at tran-
scriptional and translational level, activation of the inducer of PGC-1a,
and phosphorylation at serine 133 of CREB. Knockdown of either
PGC-1a or CREB genes expression through small RNA interference,
mediates the decrease in PQQ-induced mitochondrial biogenesis
(Chowanadisai et al., 2010). PQQ also enhance the activation of nuclear
respiratory factors (NRF-1, NRF-2) and transcriptional activation of
Tfam, TFB1M, and TFB2M, which are linked with the activation of the
PGC-1a pathway. Furthermore, PQQ protect cells from damage induced
by inhibitors of mitochondrial function such as rotenone, 3-nitropro-
pionic acid, antimycin A, and sodium azide (NaN3). Diseases associ-
ated with mitochondrial dysfunction may benefit from PQQ due to its
ability to enhance mitochondrial biogenesis (Chowanadisai et al., 2010).

2.3. Regulation of enzymatic activities by PQQ

PQQ functions as a biocatalyst, enhancing NADH generation through
pyrroloquinoline quinone synthase C (PQQC). It plays a crucial role in
various essential processes especially m-ATPase energy transduction in
bacteria, biocontrol substance synthesis, promotion of growth activities,
and DNA damage repair (Naveed et al., 2016). Its strong antioxidant
properties enable PQQ to scavenge ROS, making it effective
anti-neurodegenerative, anti-melanogenic, and anti-cancer agent. PQQ
help diminish ROS-mediated inflammations, maintains the PGC-la
pathway, impact overall populations of CD4 cells, and modulates
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immunological responses (Naveed et al., 2016). In addition to these,
PQQ also contributes to plant growth promotion, biocontrol to different
pests, antifungal activities, and induced systemic resistance (ISR)
through mineral phosphate solubilization. PQQ nanoparticles are uti-
lized in the production of sulfonated polymers and for biofuel cells. PQQ
regulate cell growth, cell differentiation, apoptosis, Box translocation,
and metabolic processes through ADP phosphorylation and reducing
ROS burst. In addition, PQQ also modulates multiple signaling pathways
such as STAT, MAPK, JAK, JNK, PI3K/Akt, mTOR, EGFR, and Raps in
order to regulate cellular redox homeostasis (Naveed et al., 2016; An-
thony and Williams, 2003). PQQ prevents oxidative stress by regulating
metabolic pathways associated with lysine, selenium, low-density lipo-
protein, energy, carbohydrates, and ATP synthesis. Potential future ap-
plications of PQQ include its use in molecular modeling and docking
studies for quantitative drug design based on bioinformatics and struc-
tural characterization of the novel drug molecules.

3. Mechanism of action within cells and cellular pathways

PQQ plays a significant role in various cellular pathways and meta-
bolic processes (Fig. 3, Table 1). Primarily, PQQ functions by supporting
mammalian dehydrogenases such as lactate dehydrogenase (LDH) for
enhanced activity. When PQQ complexes with LDH, the former en-
hances the oxidation of NADH to NAD" and facilitates the excessive
generation of pyruvate. Metabolic regulation, particularly oxidative
processes, is mediated by sirtuins, a family of protein transmitters
(Akagawa et al., 2016a, 2016b). Optimal antioxidant defense and
immunological functions are inherently linked to oxidative metabolism
as sirtuins 1 (Sirt-1) and sirtuins 3 (Sirt-3) depend on NAD™ as a sub-
strate for their deacylation activity.

There are several cellular pathways that depend on PQQ for normal
physiological processes and responses to the environmental stressors.
PQQ is a booster molecule for Sirt-1, and Sirt-3, which are NAD™-
dependent protein deacetylases and have crucial role in modulation of
mitochondria or its associated functions (Zhang et al., 2015). In vitro
studies involving HepG2 cells, PQQ enhances the expression of Sirt-1
and Sirt-3 at transcriptional and translational levels by targeting
PGC-1a, NRF-1/-2, and mitochondrial transcription factor A (MTFA).
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Fig. 3. Involvement of PQQ in various cell signaling cascades. Primarily PQQ controls cell growth mechanisms, modulates glucose metabolism to minimize onset of

T2D, and protein turn over in the cells.
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Table 1
Different metabolisms and their related pathways under the influence of PQQ.

Sr. Substrate or stage of
No. metabolism

Effect of PQQ on metabolism  Ref.
and related pathways

1 Lysine PQQ might indirectly affect Naveed et al.
lysine metabolism by (2016)
influencing cellular
processes regulated by STAT,
MAPK, and JAK signaling
pathways, potentially alter
requirements for lysine or its
derivatives through the
modulation of cell
proliferation, differentiation,
and survival.

PQQ could potentially
influence selenium (2016)
metabolism by regulating the

expression or activity of

TrxR1 through MAPK, PI3K/

Akt, and Ras pathways,

thereby impacting cellular

redox balance and associated

functions

PQQ may impact Harris et al.
mitochondrial biogenesis (2013)

and functions via PGC-1a,
JNK, and mTOR pathways,
affect levels of inflammatory
biomarkers (plasma C-
reactive protein and IL-6)
and mitochondrial
dysfunction

PQQ help regulate lipid
metabolism through MAPK,
PI3K/Akt, and PGC-1a.
Impact lipolysis, lipogenesis,
lipid transport, and
maintains levels of HDLs,
LDLs, and TGs.

Affect metabolism by Harris et al.
modulating PGC-1a, MAPK, (2013)

and PI3K/Akt. Regulate

mitochondrial biogenesis,

oxidative phosphorylation,

and glucose/lipid

metabolism. This could

result in enhanced energy

production and utilization.

PQQ affect glucose/sugar Fliege et al.
metabolism directly through (1992)
pathways like the Entner-
Doudoroff pathway and
indirectly through ERK1/2
and mTOR. Modulate insulin
signaling or glycolytic
enzymes. Promote
conversion of glucose into
gluconic acid, thus indirectly
impacting cellular processes
involved in glucose
utilization or storage.

PQQ indirectly affect
metabolism of aromatic
compounds by influencing
cellular metabolic activities
and energy status, which
could impact the availability
of substrates and cofactors
required for this pathway.
PQQ could modulate
mitochondrial metabolism (2020)
(TCA cycle) by involving Hwang and
JNK and mTOR pathways. Willoughby
Affect levels of inflammatory (2018)
biomarkers (plasma C-

reactive protein and IL-6),

2 Selenium (TrxR1) Naveed et al.

3 Mitochondrial-related
metabolism

4 Lipids Supruniuk

et al. (2020)

5 Energy

6 Glucose

Matsumura
et al. (2014)

8 Aromatic compounds

9 TCA cycle and
intracellular metabolism
(Regulatory and
bioenergetics role)

Hwang et al.
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Table 1 (continued)

Effect of PQQ on metabolism Ref.
and related pathways

Sr. Substrate or stage of
No. metabolism

reflecting changes in cellular
metabolism and energy
homeostasis.

Such cellular and biological activities of PQQ make it a potential and
attractive therapeutic drug molecule to cure certain aging associated
and metabolism linked diseases (Zhang et al., 2015).

PQQ safeguard cells against nitric oxide (NO)-induced proliferation
and promotes DNA synthesis suppression in the Ras regulatory pathway
(Zhang et al., 2015). Furthermore, PQQ influences the STAT pathway, a
transcriptional and signal transduction system crucial in carcinogenesis
(Anthony and Williams, 2003). PQQ impacts MAPK signaling pathway
to affect CREB activation, ROS production, ATP levels, matrix metal-
loproteinase (MMP), and Bcl-2 protein levels (Min et al., 2014a).
Through the JAK, JNK, and PI3K/Akt pathways, PQQ influences cell
proliferation and differentiation, cell survival, death, intracellular ROS
suppression, and the production and release of NGF (Ameyama et al.,
1984; Yamaguchi et al.,, 1993; Min et al., 2022). Additionally, PQQ
manages mitochondrial dysfunction and biogenesis, impacts glucose
metabolism and glycolytic activities by interacting with
osteoclast-forming pathways such as RANKL, hexose monophosphate,
and pentose phosphate pathways (Odkhuu et al., 2012). Moreover, by
regulating intracellular ROS generation, the cell cycle, and tyrosine
dephosphorylation via ERK1/2 and EGFR, PQQ shields cancer patients
against radiations (Decker, 1995; Suriyo et al., 2015). The involvement
of PQQ in both its own biosynthetic routes and the Entner-Doudoroff
pathway underscores its broad influence on various cellular processes
and activities (Fliege et al., 1992).

4. Role of PQQ in energy metabolism

PQQ has garnered significant attention due to its potential role in
energy metabolism, and associated health benefits including anti-aging
impacts. PQQ is believed to exert its effects on energy metabolism pri-
marily through modulation of lipid metabolism and enhanced mito-
chondrial activity. Mitochondria are the powerhouses of cells, produce
cellular energy molecules (adenosine triphosphate or ATP) through
oxidative phosphorylation. There is compelling evidence indicating that
PQQ enhances energy generation and cellular efficiency by bolstering
and optimizing mitochondrial physiology.

In addition, PQQ also promote mitochondrial biogenesis in order to
increase the quantity and functional capability of mitochondria for
enhanced metabolic activity to generate excessive energy rich ATPs. In a
study, mice supplemented with PQQ demonstrated improved mito-
chondrial function and increased biogenesis (Chowanadisai et al.,
2010). PQQ modulate cellular respiration during electron transport
chain (ETC), which is a series of redox processes that occur on the inner
mitochondrial membrane. PQQ enhances ATP synthesis by acting as a
cofactor for several enzymes in the ETC. Investigations have revealed
that PQQ serves as a redox cofactor for bacterial glucose dehydrogenase,
which is involved in the ETC (Stites et al., 2006; Ghosh et al., 2013;
Misra et al., 2012).

4.1. PQQ and lipid metabolism

Lipid metabolism plays a crucial role in energy generation and
overall metabolic health. Numerous studies shown that PQQ influence
both mitochondrial activity and enhanced lipid breakdown (lipolysis).
Experimental evidence suggests that PQQ promotes lipolysis inside
mitochondrial matrix through p-oxidation to release free fatty acids
could be a potential source of energy evidenced in an in vivo model
(Jonscher and Rucker, 2019). PQQ is seen to enhance this fatty acid
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oxidation process to maintain the cellular energy balance, and aid in
weight management in mice (Hwang and Willoughby, 2018). Moreover,
lipid biosynthesis from smaller precursor molecules and lipolysis is
regulated by PQQ-mediated gene expression linked with lipids meta-
bolism in mice (Jonscher and Rucker, 2019; Supruniuk et al., 2020).
PQQ may secure metabolic homeostasis by regulating lipogenesis and
lipolysis.

5. Effects of PQQ supplementation on health
5.1. Weight management

Supplementation of PQQ is found to aid in weight loss, improve in-
sulin sensitivity, and help prevent metabolic syndrome (Mohamad Ishak
et al., 2021; Charrier et al., 2024). These findings are especially note-
worthy given the increasing prevalence of obesity and metabolic dis-
orders worldwide. PQQ impact lipid metabolism and energy
expenditure, which can play a role in weight loss management (Charrier
et al., 2024). In an in vivo study, PQQ supplementation in mice resulted
in increased fatty acid oxidation and energy expenditure, indicating its
potential for promoting weight loss or maintaining a weight to body
mass index (BMI) (Hwang and Willoughby, 2018). Additionally, mice
supplemented with PQQ exhibited altered gene expression patterns
linked with lipid processing i.e., lipolysis and further fatty acid oxidation
(Jiang et al., 2020). This regulation of lipid metabolism could poten-
tially aid in weight management by promoting lipolysis to utilize stored
fats for the generation of ATPs.

5.2. Insulin sensitivity

Metabolic disorders like type 2 diabetes (T2D) and metabolic syn-
dromes are primarily characterized by insulin resistance. PQQ has
shown promising results in increasing insulin sensitivity, potentially
aiding in the prevention or management of metabolic disorders. Sup-
plementing mice with PQQ, enhanced their insulin sensitivity and
glucose tolerance, even when fed a high-fat diet (Ishak and Ikemoto,
2023). Moreover, PQQ may exert these effects by influencing the tran-
scriptional activity associated to glucose metabolism and insulin
signaling. In diabetic mice, PQQ supplementation resulted in improved
insulin sensitivity and reduced hyperglycemia. It is further suggested
that PQQ beneficial effects on insulin sensitivity may partly be attrib-
uted to antioxidant and anti-inflammatory capabilities of this drug
molecule (Qu et al., 2022).

5.3. Prevention of metabolic syndromes

Obesity around the middle ages, abnormal lipid profiles, high blood
pressure, and poor glucose tolerance are all components of metabolic
syndromes, which increases the risk of cardiovascular disease and T2D
(Powell-Wiley et al., 2021). PQQ may aid in the management or pre-
vention of metabolic syndrome due to its potential effects on dimin-
ishing oxidative stress, insulin sensitivity, and lipid metabolism. Certain
in vivo studies investigating metabolic syndromes, where mice were fed
with high-fat and high-sucrose diets to examine the implications of PQQ
supplementation shown improved glucose tolerance, lipid profiles, and
oxidative stress indicators suggested that it may help prevent or reduce
the severity of metabolic syndrome (Zhang et al., 2022; Ishak et al.,
2021). Though much of the research has been conducted in animal
models, but there are encouraging evidences for the positive effects of
PQQ administration on weight control, insulin sensitivity, and metabolic
syndrome prevention. Further human clinical trials are needed to
confirm these findings and determine the optimal dosage and duration
of PQQ supplementation to reap the benefits, as previous clinical trials
have reported in Table 2.

Current Research in Food Science 9 (2024) 100889

Table 2
Previously reported different clinical studies to examine pharmacological po-
tential of PQQ.

Sr. Objective Experiment Produced effects Ref.
No. Model
1 Learning and Rats Significantly (Takatsu
memory function improved learning et al., 2009;
ability and prevent Ohwada
neuron- et al., 2008)
degeneration
caused by
oxidative stress
2 Neuropsycho-logical ~ Human People whose (Tamakoshi
status based on RBANS scores are et al., 2023;
RBANS lower may see a Shiojima
more pronounced et al., 2022;
improvement after Itoh et al.,
taking the 2016)
PQQeNa2-
supplements
3 Cognitive functions Human Significant Itoh et al.
improvement in (2016)
task performance
4 Impacts on anxiety, Human A marked Nakano et al.
fatigue, and sleeping improvement in (2012)
sleepiness upon
awakening, the
beginning of sleep,
and the
maintenance of
sleep length
5 The impact on dry Mice and Benefits impaired Nakano et al.
skin hydration Human skin barrier (2015a)
levels, elasticity, and function as well as
transepidermal dry-skinned human
water loss (TEWL) female individuals
and in mice model
6 Impact on Human PQQ reduce LDL- Nakano et al.

cholesterol and cholesterol levels (2015b)
serum TGs levels

7 Impacts on
development,
fertility, and
markers of collagen
expression and

maturation

Balb/c mice By modulating
mRNA levels for
Type I procollagen
al-chains, PQQ
supplementation
might improve
growth,
reproductive
success, and
possibly regulate
indicators of the
synthesis and
maturation of the
extracellular
matrix (ECM) in
neonates

Animals fed with
PQQ meals showed
consistent signs of
increased growth.
A decrease in
tendon
benzylamine
oxidase and an
increase in
cutaneous collagen
solubility were
seen in subjects
deficient in PQQ
Reduced levels of
cytokines (IL-1/,
IL-2), and
interferon-y, along
with improved
activity of
antioxidant
enzymes (SOD,

Steinberg
et al. (2003)

Rucker et al.
(1989)

8 Nutritional Rats and
essentiality of PQQ mice

9 Effects on growth Weaned
performance and pigs
small intestine
characteristics

(Jiang et al.,
2020; Yin
et al., 2019)

(continued on next page)
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Table 2 (continued)

Sr.

No.

Objective Experiment

Model

Produced effects

Ref.

10

Challenged Broiler
intestinal
morphology,
oxidative stress, and
inflammatory
responses to
lipopolysaccharide

chickens

GSH-Px, CAT, and
MDA) in the small
intestine mucosa.
The jejunum also

showed an increase
in the expression of

occludin and
zonula occluden
protein-1 (ZO-1).
Weaned piglets’
growth
performance and
intestinal health
were both
significantly
enhanced
Incorporating
PQQeNa2 into the
diet reduce IL-1p
and IL-10 levels at
transcriptional
level in the
duodenum mucosa

(Jiang et al.,
2020; Zheng
et al., 2020)

and enhanced
GSH-Px activity in
serum and T-SOD
and CAT activities
in liver.

In addition, it
reduces the effects
of LPS on the
duodenal villus
height to bulb
depth ratio in
broilers.

6. Other potential benefits of PQQ

In addition to its effects on energy metabolism, PQQ has been asso-
ciated with various other potential benefits for overall health and well-
being (Akagawa et al., 2016a). In this section, we will highlight various
health conditions and the potential role of PQQ.

6.1. Anti-inflammatory properties

PQQ have been reported to possess strong anti-inflammatory prop-
erties that may help mitigate chronic inflammation and its associated
health risks such as coronary artery disease and metabolic disorders
(Charrier et al., 2024). A study demonstrated that PQQ suppressed in-
flammatory responses in human monocytes and macrophages (Han
et al., 2021). TNF-a induces damages to chondrocytes leading to matrix
degradation and cell death in osteoarthritis, whereas PQQ help diminish
this inflammatory burst to dissipate this condition (Han et al., 2021).
PQQ exposed mice showed a significant decline in neuroinflammations,
and expression levels of NO, PGE2, pro-inflammatory factors (iNOS,
COX-2, TNF-a, IL-1b, IL-6, MCP-1 and MIP-1a) in LPS treated primary
microglia cells was declined to a notable extent (Yang et al., 2014a).

6.2. Longevity and anti-aging potential

Due to its antioxidant properties, ability to maintain mitochondrial
activity, and support for overall cellular health, some studies suggested
that PQQ may play a role in prolonging lifespan and slow the aging
process (Mohamad Ishak et al., 2024). In another study, nematodes were
protected against oxidative stress and experienced an increase in life-
span when given PQQ supplements (Yang et al., 2021). While many
studies on PQQ and its effects on energy metabolism and mitochondrial
function have been conducted on animal models or in vitro, their
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applicability to humans may be limited. To gain a better understanding
of PQQ therapeutic applications and its potential benefits, further
human clinical trials are needed based on in vivo studies. It is essential to
consult with healthcare professionals before incorporating PQQ or any
other dietary supplements into a person’s daily intake, as they may
interact with existing medications or have unintended side effects,
especially when uses at high doses.

6.3. PQQ in neuroprotection and cognitive health

PQQ plays a significant role in neuroprotection due to its involve-
ment in various neuroregulatory mechanisms (Fig. 4). Amyloid oligomer
proteins which are formed through fibrilization, accumulate and can
selectively damage neurons, is a condition common in numerous
neurodegenerative disorders. Given the cytotoxicity induced by amyloid
oligomer production, identifying pharmacologic agents capable of
penetrating through blood-brain barrier (BBB) to prevent conversion
into oligomers and/or fibrils is crucial for treating neurodegenerative
diseases (Wells et al., 2021; Tsukakoshi et al., 2018). PQQ inhibits the
aggregation and fibrillation of Amyloid $1-42 (Ap1-42), a-synuclein,
and mouse prion protein (Kim et al., 2010a, 2010Db). In vitro studies have
shown that PQQ-TME, an esterified form of PQQ, exhibits twice the BBB
permeability of PQQ and demonstrates higher inhibitory activity against
the fibrillation of a-synuclein, A$1-42, and prion protein. These findings
suggest that esterifying PQQ could be a promising strategy for devel-
oping novel amyloid inhibitors based on PQQ (Tsukakoshi et al., 2018).

PQQ is an essential vitamin like molecule having strong antioxidant
properties could act as redox cofactor, and exhibits potent immuno-
suppressive effects (Jonscher et al., 2021). In a study focusing on pri-
mary microglia cells treated with LPS, the anti-inflammatory PQQ
pretreatment significantly reduced the production of NO, PGE2, and
inflammatory cytokines (iNOS, COX-2, TNF-a, IL-1b, IL-6, MCP-1, and
MIP-1a) (Brodzikowska et al., 2022). Additionally, in LPS-activated
primary microglia cells, PQQ decreased the nuclear trafficking of
NF-kB and dephosphorylate p65, p38, and JNK in MAPK pathways. To
assess the inhibitory effects of PQQ against neurological inflammation in
vivo, a systemic treatment with LPS in an acute inflammatory murine
brain model was employed. Immunoblotting and immunohistochemical
analyses of brain tissue, specifically using Ibal antibody, revealed a
significant reduction in neuroinflammation in mice treated with PQQ
(Yang et al., 2014a). Furthermore, evidence indicated that PQQ pre-
vented microglia-induced neurotoxicity in primary cortical neurons
(Peng et al., 2020). Taken together, these findings suggest that PQQ
could serve as a potential therapeutic agent for neurodegenerative dis-
eases associated with microglia activation, potentially slowing their
progression (Peng et al., 2020; Yang et al., 2014b).

Some studies have suggested that D-galactose (D-gal) induces
memory loss by triggering an oxidative stress response, making it a
model for senescence (Zhou et al., 2018; Tamakoshi et al., 2023). Pre-
viously, it was shown that PQQ has the potential to form derivatives by
bonding with amino acids, which could be beneficial in treating various
pathological conditions. It is suggested that a combination of PQQ with
glutamate may alleviate D-galactose (D-gal)-induced neurotoxicity
resulting from oxidative stress induced damage in mice (Zhou et al.,
2018; Guan et al., 2015). Additionally, the findings indicate that PQQ
may influence the production of cytokines and prostaglandins, two
proinflammatory mediators linked with the ageing process. Supple-
mentation of PQQ may reversed the alterations observed in the hippo-
campus of D-gal-induced mice, including elevated levels of MDA, ROS,
as well as reduced T-AOC activity (Zhou et al., 2018).

The expression of superoxide dismutase 2 (SOD-2) at transcriptional
level was significantly improved by the exposure to PQQ (Zhou et al.,
2018). By binding with excess glutamate, PQQ may alleviate the
memory impairments and neurotoxicity caused by D-gal (Guan et al.,
2015; Xu et al., 2020). This establishes a connection between inflam-
mation, oxidative stress, and glutamate-mediated neurotoxicity.
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Fig. 4. Mechanism of action of PQQ in aging associated syndromes. The neuroprotective action of PQQ is solely via inhibition of the inflammatory factors, amyloid

accumulation and reduction in oxidative stress.

Moreover, PQQ sustained the enzyme activity of GSK-34 and decreased
the up-regulated production of p-Akt by D-gal, resulting a decline in the
level of p-Tau in the hippocampus. The Akt/GSK-34 pathway was
partially regulated by PQQ in terms of memory ability (Zhou et al.,
2018).

PQQ is abundantly present in plant foods and human breast milk
(Chongrong et al., 2021). When reacting with an amino acid at an
elevated ratio, PQQ reportedly undergoes a structural transition to an
imidazole pyrroloquinoline, indicating its strong reactivity and
bioavailability (Yamada et al., 2020). A comparative study was con-
ducted using a human neuroblastoma cell line and a hepatic carcinoma
cell line to elucidate the physiological effects of PQQ and imidazole
pyrroloquinoline (IPQ). These effects included neuroprotection, growth
promotion, antioxidant activity, and stimulation of biogenesis of mito-
chondria (Yamada et al., 2020). Furthermore, the expression levels of
COX4/1, an indicator of cellular mitochondrial abundance, were eval-
uated in cells exposed to PQQ, PQQH2, and IPQ. This gene is associated
with human cytochrome c oxidase subunit IV isoform I. The comparative
study revealed that, except for antioxidative activity, IPQ demonstrated
nearly identical biological activities to PQQ. Additionally, it is further
shown that PQQ enhances language-related brain function in humans,
while IPQ enhances memory learning and improvements in aged mice
(Tamakoshi et al., 2023; Yamada et al., 2020; Ikemoto et al., 2024).

The prevalence of cognitive dysfunctions is increasing globally,
leading scientists to explore ways to enhance brain function in the
future. PQQ is a food-based coenzyme with potent antioxidant proper-
ties that enhances various functions which includes increasing the ac-
tivity of NGF and its receptors, which protect nerve cells and suppressing
the formation of fibrils and aggregation of amyloid-$ (Jonscher et al.,
2021). Supplementing with PQQeNa; may benefit individuals in
middle-ages and in elderly who are concerned about aging-related
cognitive decline, addressing issues such as attention span, memory,
decision-making, and cognitive function (Shiojima et al., 2022).
Apoptotic cell death, adverse external environments, and the limited
regenerative capacity of neurons all contribute to the central nervous
system (CNS) inability to recover from traumatic brain injury (TBI) and
the effect is multi-fold when exposed to PQQ (Zhang et al., 2012). In a
systematic administration of the PQQ upregulated the expression of -1,
4-GalT-L, -V, galactosidase -1 (Galp-1), 4-galactosyltransferase N-acyl-
sphingosine (4-GlcNAc) in microglial and neuron cells in cortex and

hippocampal CA2 region of the brain (Zhang et al., 2012). Therefore, a
viable therapeutic strategy could involve promoting the innate capacity
for regeneration and reducing the rate of neuronal cell death.

The neuroprotective and regenerative properties of PQQ on periph-
eral neurons have been extensively documented. Given that one of the
severely damaged regions following TBI is the cerebellar circuit, PQQ
could stimulates neurite regeneration in a wound recovery model using
cultured cerebellar granular neurons (CGNs) (Shanan et al., 2019).
Additionally, PQQ pose neuroprotective effect in CGNs using a model of
K*/FCS deprivation-induced apoptosis. Resveratrol (RVT) alone and or
in combination with PQQ may possibly have synergistic impact for
neuroprotection and regeneration (Shanan et al., 2019). RVT (5.0 pM)
and PQQ (0.5 pM) on neurite re-growth in the wound recovery experi-
ment was not much obvious, but the efficacy increased when PQQ
concentrations (1-2 pM) was increased (Shanan et al., 2019). In CGNs
culture, resveratrol had no effect on neurite length but greatly enhanced
the quantity of viable CGNs. As for the neuroprotective impact, after
K'/FCS deprivation of culture, both PQQ and RVT significantly
increased the survival of CGNs. Hence, both of these molecules
demonstrated a strong neuroprotective impact and a propensity to
promote neurite outgrowth, but no evidence of a synergistic effect was
seen (Shanan et al., 2019).

6.4. PQQ and cardiovascular health

The development of pulmonary hypertension (PH) is influenced by
inflammation, an overabundance of pulmonary artery smooth muscle
cells (PASMCs) and endothelial cells (PAECs), and disruptions in mito-
chondrial and metabolic functions (Perez, 2016; Katseff et al., 2021).
PQQ being a recognized natural antioxidant promotes mitochondrial
biogenesis, strong anti-diabetic potential, neuroprotection, and car-
dioprotective effects (Qu et al., 2022). Treatment with PQQ resulted in
decreased insulin resistance, enhanced mitochondrial bioenergetics
with preserved respiratory complexes, and prevention of metabolic and
mitochondrial dysfunctions in human pulmonary artery smooth muscle
cells (HPASMCs). Both preventive and curative treatments with PQQ
significantly reduced endothelial dysfunction and pulmonary artery
remodeling, right ventricular hypertrophy, and elevated right ventricle
pressure. Additionally, PQQ reduced inflammations, improved heart
function, and prevent cardiac fibrosis. Given its ability to inhibit
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mitochondrial and metabolic dysfunction in PASMCs and its effective-
ness in mitigating PH development, PQQ holds therapeutic potential as a
treatment for PH (Shafiq et al., 2022).

A major contributor to chronic heart failure (CHF) is mitochondrial
dysfunction in the myocardium. This dysfunction is characterized by
increased levels of ROS, interference with mitochondrial biogenesis and
imbalance in Ca®" homeostasis, and decreased mitochondrial mem-
brane potential (A¥m) (Knowlton et al., 2014; Sabbah, 2020). Pressure
overload leads to myocardial remodeling and cell hypertrophy, pro-
cesses improved by PQQ pretreatment both in vivo and in vitro, thereby
preventing CHF. In addition to preserving mitochondrial morphology,
PQQ attenuated the downregulation of PGC-1a and TFAM induced by
angiotensin II (Ang II) or transaortic constriction (TAC). Moreover, PQQ
modulated ROS levels and enhanced A¥m in neonatal rat left ventric-
ular myocytes (NRVMs) treated with Ang II + PQQ. PQQ also main-
tained [Ca”]rn homeostasis and prevented [Ca2+]m overload by
increasing the expression of the Na*/Ca?* exchanger (NCLX). These
findings demonstrate that PQQ protects A¥m against [Ca%*]m overload
by upregulating NCLX expression, thereby reducing ROS generation.
Furthermore, PQQ simultaneously enhances the expression of PGC-1a
and TFAM to regulate mitochondrial biogenesis. By mitigating
myocardial damage from pressure overload and minimizing CHF
development, PQQ plays a crucial role in limiting mitochondrial
dysfunction (Xu et al., 2020).

MDA serves as a marker of LPO (Cat et al., 2016), and PQQ has been
shown to decrease its levels in cardiac tissues. In an in vivo rat model
study of ischemia and ischemia/reperfusion, PQQ demonstrates
dose-related improvement in heart function and reduction in infarct size
when administered either as pretreatment or at the onset of reperfusion.
PQQ emerges as an excellent cardioprotective agent, potentially scav-
enging free radicals in ischemic myocardium (Hwang and Willoughby,
2018).

Isolated adult male rat cardiomyocytes were given PQQ, and found
to be protected against acute oxidative stress injury. Fluorescence mi-
croscopy detected the excessive generation of ROS and the depolariza-
tion of the AWm induced by Hy0,. Pre-incubation with PQQ
significantly reduced cell viability loss caused by H30,. Fluorescent
markers CM-H2XRos and dihydroethidium revealed an increase in
cellular ROS levels in response to HyO2, which were markedly dimin-
ished upon the administration of PQQ (Gao et al., 2022; Tao et al.,
2007). These findings demonstrate that PQQ maintains redox homeo-
stasis, mitigates mitochondrial dysfunction, and reduces cell viability
loss in isolated adult rat cardiomyocytes, shedding light on PQQ
mechanisms of action in the heart (Tao et al., 2007).

PQQ improved adipose tissue quality and viability while decreasing
fibrosis. Under hypoxic stress, PQQ scavenges excessive ROS burst,
restoring A¥m, enhancing adipocyte viability, alleviating tissue
apoptosis, and promote angiogenesis (Zhang et al., 2023). In the mito-
chondrial apoptotic pathway, PQQ decreased the expression of
pro-apoptotic proteins e.g., Bax and cytochrome c, while antiapoptotic
protein Bcl-2 level was upregulated. By reducing hypoxic stress and
promoting timely angiogenesis in cardiac health, PQQ may enhance the
overall survival of adipocytes (Zhang et al., 2024).

Pre-eclampsia (PE), an elevated blood pressure condition that can
develop during pregnancy, currently lack any accepted clinical treat-
ment despite widespread belief that the placenta is its etiological agent.
In rats with PE, clinical symptoms and pregnancy outcomes were
significantly improved by PQQ (Wang et al., 2022a). Correspondingly,
there was a reversal in the levels of antioxidant and inflammatory
markers. PQQ may achieve these therapeutic targets by blocking NF-xB
and enhancing Nrf2 antioxidant pathways. Ultimately, the NF-kB-Nrf2
pathway amplifies PQQ anti-inflammatory and antioxidative effects,
thereby protecting animals with a PE-like model (Wang et al., 2022b).
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6.5. PQQ role in cancer treatment

PQQ shows promise as a potential anti-tumor agent with minimal or
no toxicity to normal cells by activating mitochondrial-dependent
apoptosis pathways. It triggers both caspase-dependent and caspase-
independent apoptotic pathways in human malignant chon-
drosarcomas, a cancer type known for its resistance to radio- and
chemotherapy (Wu et al., 2018). PQQ induces apoptosis in chon-
drosarcoma SW1353 cells and inhibits tumor growth in vivo in a
dose-dependent manner, without activating apoptotic proteins in
normal cells (Wu et al., 2018). In SW1353 cells, PQQ facilitates the
binding of Smac to the X-linked inhibitor-of-apoptosis protein (XIAP),
thereby preventing XIAP from interacting with caspase-3. This results in
a reduction of procaspase-3 and caspase-1 expression levels. Addition-
ally, PQQ promotes the cytoplasmic accumulation of apoptosis-inducing
factor (AIF) and cytochrome c, depleting their presence within the
mitochondria. This energy deficit ultimately drives caspase-dependent
apoptotic pathways in cancer cells (Wu et al., 2018). PQQ induces
tumor cell apoptosis and death by disrupting cell proliferation and
triggering mitochondrial-dependent apoptosis in three solid tumor cell
lines (A549, Neuro-2A, and HCC-LM3). Treatment with low (15 pM) to
medium (1200 pM) doses of PQQ exhibited strong anti-tumor activity in
A549 and Neuro-2A cells, with no observed effects on normal human
cells (HRPTEpiC and HUVEC) (Min et al., 2014b). It is believed that
increasing PQQ concentrations may lead to a burst of reactive oxygen
species (ROS), a reduction in ATP production, disruption of mitochon-
drial membrane potential (MMP), decreased production of the cyto-
protective Bcl-2 protein, activation of caspase-3, and irregular MAPK
phosphorylation patterns (Min et al., 2014b). In human promonocytic
leukemia U937 cells, PQQ induces apoptotic cell death by depleting
intracellular antioxidant defenses and triggering a ROS burst (Shankar
et al., 2010). Interestingly, when combined with glutathione (GSH) or
N-acetyl-L-cysteine (NAC), PQQ induces 2-5 times higher apoptosis in
U937 cells. This suggests that modulating cellular GSH levels could be a
novel approach to enhancing PQQ’s cytotoxic effects (Shankar et al.,
2010).

7. Future directions and clinical implications

While current research on PQQ has yielded valuable insights into its
potential benefits for metabolic health, there remain several gaps and
areas requiring further investigation. One critical gap in current
research is the absence of clear dose-response relationships for PQQ
supplementation. Many studies have employed varying doses, compli-
cating the establishment of optimal dosage for specific metabolic out-
comes (Devasani and Majumdar, 2019). The U.S. Food and Drug
Administration has approved various PQQeNay dietary supplements,
with no reported side effects (Akagawa et al., 2016a). In one study, rats
were given PQQeNay (11.5 mg/kg of body weight) intraperitoneally for
four consecutive days, resulting in physiological and morphological
changes in the kidneys (Watanabe et al., 1989). Acute and subchronic
toxicity studies indicate that the oral LDsq value of PQQ disodium salt
(BioPQQ™) ranges from 1000 to 2000 mg/kg of body weight in male
rats and 500-1000 mg/kg in female rats. In a 14-day study, high doses of
PQQ resulted in increased relative kidney weight and associated path-
ological changes in female rats only. Similarly, in a 28-day study, female
animals showed elevated urine protein levels and the presence of crys-
tals, although these effects were reversible during the recovery period
(Nakano et al., 2014). In a thirteen-week study, notable biochemical and
histopathological changes were observed, but they were not of toxico-
logical significance as PQQ levels remained within safe ranges, showing
no dose-dependent toxicity (Liang et al., 2015). Genetic toxicity studies
revealed weakly positive results in vitro in chromosome aberration tests
using Chinese hamster lung cells, but no genetic toxicity was observed in
human peripheral blood lymphocytes. In a micronucleus test on mice,
PQQ disodium salt exhibited no genetic toxicity at doses up to 2000
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mg/kg of body weight (Nakano et al., 2013). Overall, PQQ disodium salt
demonstrates low toxicity in animal models, and no significant genetic
toxicity has been observed. While in humans, following one single
dosage of PQQeNay (0.2 mg/kg of body weight), thiobarbituric acid
reactive products (TBARS) were quantified by the levels of MDA pro-
duction from lipid hydroperoxides, showed a significant decline in a
time-dependent manner (Harris et al., 2013). In addition, the change of
TBARS values correlated significantly with the maximum plasma con-
centration (Cpax) for PQQeNa, and hence confirmed its antioxidant
properties. Furthermore, the absorption (62%) of the PQQ in the intes-
tinal tract and excretion (81%) from the kidneys is quite similar to
vitamin B-complex system within 24 h (Smidt et al., 1991b). A similar
pattern to urine PQQ level rise and clearance, a highest serum levels (10
nM) was observed after one time application of 0.2 mg PQQeNay/kg of
body weight (Harris et al., 2013). Like vitamins B-complex molecules,
pharmacokinetic studies confirmed that no accumulation of PQQeNa, in
the body was seen (Harris et al., 2013).

Future research should concentrate on systematically assessing the
effects of different PQQ doses on parameters like weight management,
insulin sensitivity, and markers of metabolic syndrome. This review
underscored the necessity for well-designed dose-response studies to
ascertain the most effective and safe dosages of PQQ for various
applications.

Data regarding the safety and long-term effectiveness of PQQ sup-
plementation are scarce, with recent research primarily focusing on
short-term effects. Based on the literature, we concluded 100-200 mg/
kg of body weight PQQ administration is a safer dosage range for various
conditions. In addition, it is further emphasized to conduct large sample
sized studies to determine the potential hazards, side effects, and in-
fluence on metabolic health associated with long-term PQQ adminis-
tration. As PQQ garners interest as a potential therapeutic agent, it is
crucial to investigate its interactions with commonly prescribed medi-
cations and dietary factors. These interactions could affect the efficacy,
safety, and metabolic outcomes of PQQ supplementation. Future
research should probe into potential interactions between PQQ and
medications used for metabolic disorders such as metformin, insulin,
and lipid-lowering drugs, as well as the impact of dietary components
like fiber, polyphenols, and other natural bioactive compounds.

8. Translating current PQQ research into clinical practice

While the translation of current PQQ research into clinical practice is
still in its early stages, several potential avenues for its application in
managing metabolic disorders exist. Given the promising findings
regarding PQQ effects on insulin sensitivity, glucose metabolism, and
lipid profiles, it may serve as a supplementary treatment for metabolic
syndromes and T2D, demands further in-depth research. PQQ supple-
mentation could complement existing treatments like lifestyle modifi-
cations and pharmacological interventions, potentially improving
metabolic control and reducing risks associated with complications.
Additionally, PQQ potential to influence energy expenditure and lipid
metabolism could enhance weight management strategies, making it a
valuable addition to calorie-restricted diets and exercise programs.
Nevertheless, comprehensive clinical trials are essential to determine
PQQ safety, effectiveness, and appropriate dosage recommendations for
managing weight in overweight or obese individuals. Due to individual’s
specific responses to PQQ supplementation, there may arise opportu-
nities to integrate PQQ into personalized nutrition and precision medi-
cine strategies. By pinpointing biomarkers, genetic factors, or other
individual traits that impact the metabolic response to PQQ, healthcare
providers could customize supplementation regimens for maximal effi-
cacy and safety. Close collaboration among researchers, clinicians, and
regulatory authorities are pivotal to responsibly translate PQQ research
into clinical practice, maintaining stringent standards for safety, effi-
cacy, and evidence-based decision-making.
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9. Conclusions

PQQ has been demonstrated to be a ubiquitous molecule that in-
fluences a wide range of biochemical and physiological activities. In this
compilation, we present the latest research on PQQ impact on human
health and wellness. Supplementing with PQQ may aid in cholesterol
and glucose regulation, help prevent cardiovascular and neurodegen-
erative diseases, enhance cognitive abilities, and potentially play a
crucial role in anti-aging interventions. Emerging evidence suggests that
PQQ can modulate cell signaling pathways, scavenge radicals, and
exhibit redox activity, all contributing to its potential health benefits.
Recent findings also indicate that oral intake of PQQ does not cause
toxicity or genotoxicity, suggesting its safety as a supplement. However,
despite these advancements, the precise molecular mechanisms under-
lying PQQ’s therapeutic effects warrant further exploration. Further
mechanistic investigations are needed to fully elucidate PQQ role and
potential additional benefits for human health, particularly in the
context of anti-aging applications.
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List of Abbreviation

A¥m Mitochondrial membrane potential

6-OHDA 6-hydroxydopamine

BBB Blood-brain barrier

CAT Catalse

CGNs Cerebellar granular neurons

CREB cAMP responsive element-binding protein (CREB)
IPQ Imidazole pyrroloquinoline

LDH Lactate dehydrogenase

MMP Matrix metalloproteinase

MTFA Mitochondrial transcription factor A

NGF Nerve growth factor

NMDA  N-methyl-D-aspartate

NO Nitric oxide

NRF-1  Nuclear respiratory factor 1

NRF-2  Nuclear respiratory factor 2

PASMCs Pulmonary artery smooth muscle cells

PGC-1la Peroxisome proliferator-activated receptor-y coactivator-1la



T. Yan et al.

PH Pulmonary hypertension

PQQ Pyrroloquinoline Quinone

PQQC  Pyrroloquinoline quinone synthase C
ROS Reactive oxygen species

SOD Superoxide dismutase

TBARS  Thiobarbituric acid reacting substances
TBI Traumatic brain injury
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