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Introduction

Geranylgeraniol (GG) is a compound synthesized endogenously in the human body via the mevalonate
pathway—the same biochemical pathway by which cholesterol, vitamin K2, steroid hormones and ubiquinone
(CoQ10) are synthesized. As such, it plays a critical role in tissue systems and metabolic processes throughout
the body, including healthy mitochondrial function and the generation of ATP, the currency of energy in all
mammals including humans. GG occurs naturally in various foods, but the majority is synthesized
endogenously. GG is an essential building block that supports muscle health, bone health, hormone regulation
and CoQI10 synthesis. Production of GG declines naturally during aging and is inhibited by use of certain
pharmaceutical drugs, namely, statins and bisphosphonates. By replenishing natural levels, GG can protect
from age-related physical decline, maintain structural support for the body and revoke skeletal muscle fatigue.

Characteristics of GG

History

GG was first synthesized in 1939 as a base molecule of diterpenes’, and was isolated from linseed oil through
a USDA-sponsored study in 19662, at which point it was already known to be responsible for photosynthetic
pigment synthesis®. GG is thought to be located at the crossroads of the biosynthesis pathways for chlorophyll
and chloroplastic carotenoids, where it is a precursor to carotene and lutein in leaves®. The diterpene has also
been shown to transform into phytol, lycopene, and other carotenoids®. Whereas phytol then mainly goes on
to produce vitamin E tocopherol and phylloquinol (vitamin K1), tocotrienol — a compound of the vitamin E
family with an unsaturated side chain - is directly converted from GG3.

Universal Presence

If you see any carotenoid color (typically yellow/orange/red/maroon) in the roots, leaves, fruits or seeds of any
plant, you know that GG is present. Likewise, the heme color (typically red) in organs and the vasculature of
animals — warm- or cold-blooded - indicates the presence of GG. Intuitively, the color of plants and the blood
of animals announces the presence
of GG everywhere.

Source: Annatto

As a precursor to carotenoids,
certain vitamins and chlorophyll,
GG can be found in a variety of
plants?*®. Higher concentrations of
geranylgeraniol can be found in
edible oils such as olive, linseed, and
sunflower®”.

One of the most abundant sources
of GG can be found in Bixa orellana,
a South American plant




commonly known as annatto that has been used for centuries in the coloring of foods and cosmetics™.
GG is responsible for annatto’s coloring component called bixin, as well as the vitamin E antioxidant
tocotrienol that the plant produces to protect its signature carotenoid from oxidation.

Ancient medicinal uses of annatto" as a cardiotonic, hypotensive, antibiotic, and anti-inflammatory agent
provided clues that the plant would one day play an important role in modern healthcare. Today,
GG-Gold™ - a pure geranylgeraniol extract from annatto - is the first product to bring these age-old
benefits to health-conscious consumers.
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GG-Gold™ is a multi-patented ingredient produced by American River Nutrition for ‘ ‘ ' '

use in supplements, foods & beverages, and cosmetic products. American River GG _Gold ™
Nutrition produces GG-Gold™ in the USA, at their state-of-art 24,000 sq. ft. GMP

facility in Hadley, MA, using a clean, purely physical extraction process. The novelty of - " ‘
GG-Gold™ as a unigue ingredient for inclusion in dietary supplements and other ‘
commercial applications provides a point of differentiation that can be leveraged in

various markets. Its efficacy in supporting biological processes that wane with advanced years and in the
face of medication-induced deficiency provide opportunity for it to be positioned in an ever-growing
market segment within aging populations.

Exploring the specific mechanisms of action by which GG supports human physiology helps highlight its
ubiquitous influence on health.

Mechanisms of Action

GG and other isoprenoids are produced in humans through the mevalonate pathway, an ancient
metabolic pathway present in both plants and mammals.? This pathway is also instrumental for the
production of cholesterol and other sterols, ubiquinone, dolichol, hemes, vitamin K2, vitamin D, proteins,
and the sex hormones.® GG is involved in the body’s production of proteins, vitamin K2, ubiquinone,
testosterone, and progesterone*" To achieve this synthesis, the body primarily utilizes GG in the
activated pyrophosphate (GGPP), but studies have shown that GG can be activated by the body and
incorporated into the mevalonate pathway."1820.2

Although the body’s capacity to maintain the mevalonate pathway remains fairly stable throughout
young adulthood, its activity can change during the aging process, resulting in GG depletion and
subsequent aging hallmarks such as decreased energy and reduced protein production. This occurs
through the downstream effects on GG’s metabolic products, whose synthesis drop as the levels of GG
substrate decrease. Furthermore, certain prescription drugs, particularly statins and bisphosphonates,
decimate the “isoprenoid pool”.

Supplementation with GG can replenish the isoprenoid pool and facilitate endogenous production of
essential nutrients and metabolites. As such, introduction of exogenous GG through dietary
supplementation may ameliorate certain health conditions that are, either through aging or medication,
related to the decline of vital nutrients our body makes.




GG Benefits

Evidence supports GG’s benefits in a variety of conditions characterized by depletion of essential biological
micronutrients. These biological outcomes may be attributed to GG’s role as a structural component of
endogenous molecules.

Musculoskeletal Function, Viability & Activity

Age-related losses of muscle mass and strength are major contributors to reduced quality of life and loss of
independence for older individuals. Used for protein synthesis and post-translational modification, GG is
essential for growth, differentiation, and survival of cells. Downregulation of this process, be it age-related or
drug-induced, may lead to a range of muscular conditions, including muscle wasting, sarcopenia, and
myopathy. Fortunately, research suggests that replenishing GG exogenously can satisfactorily restore these
processes.

Proteins direct virtually all activities of cells*?, forming what we know as the framework of life. There are four
basic types of proteins that perform a variety of functions; fibrous?, globular®, membrane® and disordered®

122, and proteins occupy about 25% of the cell

proteins. There are several thousand different proteins in each cel
volume.? In mammals, isoprenoid-modified (or prenylated) proteins comprise 1-2% of cellular proteins®, and
geranylgeraniol is the predominant isoprenoid found on cellular proteins.®?3° While this is a small percentage

of proteins made from isoprenoids — especially GG - they wreak global harm to the body if diminished.

Protein prenylation is a way to make protein via protein modification using a prosthetic isoprenoid® GG is the
prosthetic arm that anchors into the membrane. This isoprenoid-enabled prenylation of proteins is essential for
their association with membranes and interactions to allow proteins to traffic between membranes in the
cytosol (a crucial step for signal transduction).**
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The first study to thoroughly investigate GG's involvement in protein synthesis was carried out in 1994, when
scientists radiolabeled GG and showed that it was incorporated into protein fractions.” The researchers
simultaneously found that they could utilize free GG (supplemented) versus the activated GGPP form as a
metabolic source for protein prenylation. They later labeled this supplemental GG as the “salvage pathway”,
and explored its physiological relevance through experiments with HMG CoA reductase inhibitors.?° Whereas
these inhibitors caused a block in FPP and GGPP biosynthesis resulting in loss of protein prenylation, adding
back GG exogenously restored such protein synthesis.® Similarly, GGPP proteins were restored by
supplemental GG in statin-treated pulmonary smooth muscle cells?

There is an extensive list of geranylgeranylated proteins, including small GTP-binding proteins that are involved
in the control of cytoskeletal-membrane interactions.” When observing GG behavior in model membranes,
researchers demonstrated structural isoprenoid-rich microdomains, suggesting that the isoprenyl group is a



protein anchor to enhance protein clustering and to ensure membrane interaction.> Other GGPP proteins,
such as GTPases (enzymes responsible for the binding of proteins to GTP) function in both protein
biosynthesis and signal transduction. These include Ras, which ensures cytoskeletal integrity and cell
proliferation, and Rho, which involves cellular function and differentiation.?** In skeletal muscle, RAP
GTPase is known to be exclusively formed by GG

One study investigated the role of GG in rescuing Ras protein prenylation function, cholesterol synthesis,
and cell morphology. While GG did not affect cholesterol synthesis, it did reverse changes in the cell’s
shape caused by statin inhibition on GG biosynthesis, a restorative benefit of GG on Rho protein (a
subfamily of the Ras protein superfamily).>*

Although many studies have shown GG's rescue of muscle function in the presence of statins, one study
went further to confirm that GG is beneficial for muscle building in the absence of statin*® The focus of this
study was to examine GG's effect on exertion muscles — including gastrocnemius, soleus, and tibialis
anterior — in young, healthy rats. The GG dosage used was equivalent to 170mg/d for a 70kg human.
Results showed that GG increased force production of muscles and prevented skeletal muscle fatigue, and
these improvements were not associated with adverse changes in heart function, hence confirming GG’s
safe use. Moreover, GG improved vascular health by increasing endothelium-dependent relaxation in
muscular arteries, which was likely due to enhanced nitric oxide associated with GG supplementation. In
the same study, researchers also tested the adverse effects of statins on shinbone muscles, confirming
that statins reduced force production in these muscles Importantly, co-supplementation with GG
completely abrogated statin’s ill effects on the muscles, thus preventing statin-induced muscle fatigue.
Whereas statins reduced normal functions of contraction and relaxation of the thoracic aorta and
mesenteric artery muscles, GG, when added, consistently contracted and relaxed muscles better,
suggesting that GG corrects cardiac muscle contractility and improves vasorelaxation. Taken together, the
results of this study advocate for the use of GG in both young athletes and those on statin medications.

GG is a building block for protein synthesis and skeletal structure of the cell. GG demonstrates significant
influence on muscle health, its potential in age-related muscle decline, enzyme activity, protein trafficking,

and connective tissue integrity.




Bone Integrity and Composition

Vitamin K is be best known for its blood clotting abilities, but to a lesser known extent, it is also a crucial
contributor to healthy bone mass. Vitamin K—particularly the K2 form—is needed for proper functioning of
proteins that deposit calcium into bones and teeth while inhibiting calcification of soft tissues such as blood
vessels, kidney, gall and joints. There are several causes of vitamin K deficiency, ranging from dietary insufficiency
and malabsorption to drug inhibition. For vitamin K-deficient individuals, supplementation with GG may be a
helpful strategy to replenish stores of this essential vitamin and ensure the preservation of its arterial and bone
health benefits.

Vitamin K in the form of phylloquinone (vitamin K1) was first identified in 1935, when it was shown to be essential
for normal blood coagulation® Later, in 1939, researchers found another type of vitamin K in putrefied
(fermented) fish meal, which became known as menaquinone or vitamin K23 Biologically, vitamin K is a
required cofactor for gamma-glutamyl carboxylase, which converts glutamic acid residues into
y-carboxyglutamic acid residues in proteins involved in blood clotting and bone metabolism and calcification.®*°
Vitamin K also functions as a mitochondrial electron carrier during ATP production and regulates protein kinase
A signalling that is essential in basic processes such as energy metabolism, muscle contraction, membrane
transport and gene expression.*** |somers of vitamin K are essential for the carboxylation of vitamin
K-dependent proteins involved in blood coagulation and regulation of calcification, and are required for the
synthesis of calcium-binding proteins.*°

Whereas plant-derived phylloquinone contains a saturated phytyl chain, menaquinone (vitamin K2) contains a
number of isoprenoid unsaturated side chains, with the two common forms containing 4 and 7 side chains
(menaquinone-4 or MK-4, and menaqguinone-7 or MK-7, respectively). MK-4 is the most abundant menaqguinone
in the body. The unequivocal and indispensable factor to complete MK-4 synthesis is GG, and many studies have
now confirmed GG is obligatory in the synthesis of MK-4618404243 |t \was noted as early as 1960 through
radiolabeling experiments that GG is an intermediate building block of vitamin K2 synthesis.”’

MK-7 (and longer menaquinones) are produced by fermentation bacteria in the colon “outside” the body, and
understanding of their absorption is unknown. MK-4 manages calcium transport throughout the body, especially
to the bone where >90% of calcium is found. Since MK-4 is synthesized in the body; its role in bone mineralization
is of physiologic importance.

Hormone Regulation

Population-based studies show that testosterone

levels in men decrease with age**, and this decline .

has been linked with chronic diseases and shortened
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through the mevalonate pathway.® As a central part

of the mevalonate pathway, GG is crucial in regulating testosterone production. In testis-derived cells, GG was
shown to regulate the steroidogenesis pathway, enhancing not only testosterone synthesis, but also synthesis of

its precursor, progesterone.” MK-4 and GG are intricately connected, and were shown to stimulate testosterone



production by increasing cAMP levels via protein kinase A activity, an important messenger the body uses
to signal various biological processes.®* From animal studies, it is known that a human equivalent dose of
66mg/d GG significantly elevated plasma testosterone levels.” Interestingly, GG was shown to interact
directly with MK-4 in regulating testosterone production.”®

GG - a key factor in testosterone synthesis — may be useful in reversing testosterone decline in aging men,
thereby improving their ability to thrive.

CoQ10 Synthesis

CoQI10 is an important compound that has been shown to improve symptoms associated with
mitochondrial disorders. Statin treatment, which directly targets the mevalonate pathway to decrease
cholesterol, decreases CoQ10 (unintended) and was shown to be a myopathy biomarker. GG can act in
concert as a building block to increase CoQI10 levels in statin users and older adults, and to restore
mitochondrial functioning and protect muscles in a synchronous approach.>2
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CoQI10 was discovered by Frederick Crane in the 1950s as an essential component to the electron
transport chain.>*** Small amounts occur naturally in certain foods, but the majority of plasma and cellular
CoQI10 is synthesized endogenously. CoQI10 is critical for electron transfer in mitochondrial membranes
for respiratory chain activity and, as a lipid-soluble antioxidant, to protect biological membranes from
oxidative damage.*°

Deficiency in CoQ10 can primarily be traced back to genetic mutations that become apparent in
childhood, but cases of adult-onset deficiency associated with cerebellar ataxia, mitochondrial disorders,




and myopathy have also been reported. > CoQ10 levels were found to be consistently low in fibromyalgia
patients and supplementation improved symptoms.®®¢° Whereas true CoQ10 deficiency is rare, gradually
declining levels of the quinone during the aging process are a common occurrence®®, as is CoQ10’s noted
drop alongside several chronic and age-related ilinesses such as type 2 diabetes, cancer, and congestive heart
failure.®®

Studies corroborate GG as an intermediate in the synthesis of ubiquinone through radio-labelling, which
showed GG as a building block! GG is also an essential component in the prenylation of CoQ10 in Golgi

membranes, which is catalyzed by the protein-coding gene UBIAD1.4%4?

GG is needed to synthesize CoQ]10 in the cell.” CoQ10 is part of the respiratory chain to produce energy as
ATP in the cell, and because the heart never sleeps, heart muscles are most sensitive to CoQ10 requirement.®*
CoQI10 has specific cardiotonic benefits besides its cardiovascular benefits. It is one of the very few
endogenous non-protein antioxidants the body makes for its lipid protection.®®

GG and Drug Intervention

Statins

Statin drugs exert their effects much earlier in the mevalonate pathway (via inhibition of the enzyme
HMG-CoA reductase), far upstream from where GG and its downstream crucial products are synthesized.
Statin therapy leads to the desired drop in cholesterol and indiscriminately reduces the synthesis of all
downstream compounds, contributing to the noted drug side effects of neuromyotoxicity and mitochondrial
toxicity.?*® Among the most common side-effects studied is the decreased synthesis of CoQ10, which may
result in depressed cellular energy generation via impaired mitochondrial respiration, with cascading effects
on numerous tissue systems. At stake is a fundamental problem - the biologic strangulation of GG synthesis
due to statins, which is responsible not only for a drop in CoQ10, but also a decline in proteins necessary to
maintain muscle mass. Further affected is the endogenous vitamin K2 production, which plays a role in
vascular calcification and, paradoxically, atherosclerosis.®®

A commonly reported problem by statin users is muscle pain and weakness. The exact mechanisms behind
myopathy and myotoxicity statin users experience are not known for certain, but published results point to GG
compellingly and to CoQ10 secondarily. Although CoQ10 has been shown to deplete as a result of statin
therapy, leading to decreased energy production in muscles, its direct connection with myopathy remains
controversial.#*”" Studies have shown that supplemental CoQ10 alone could not rescue muscle cells from
statin-associated myopathy, suggesting that reduced CoQ10 synthesis in the presence of statins was not
symptomatic to muscle vulnerability.*’>”* As opposed to ubiquinone, GG plays a central role in the mevalonate
pathway that statins inhibit, justifying GG’s unique ability to restore mitochondria and protect muscle cells 2

Animal models and cell studies abundantly show that GG reduces statin side effects both independently and
by aiding ubiquinone synthesis. When given in combination with statins, GG increases mitochondrial
respiration and restores ubiquinone synthesis without negatively impacting statins’ ability to lower cholesterol.
Administration of GG to statin-treated human neurons decreased expression of inflammatory markers and
reduced mitochondrial damage, facilitating maintenance of proper mitochondrial structure and function.” In
human monocytes and liver cells, GG reversed mevastatin-induced reductions in ubiquinone synthesis and



mitochondrial electron transport that typically lead to cell death, also without impeding the drug’s
cholesterol-lowering property.® Notably, GG was more effective than exogenous CoQ10 for attenuating
these adverse effects, leading researchers to state that compared to ubiguinone, “Geranylgeraniol may
be a more useful and practical means of limiting the toxicities of statins, without reducing their efficacy as

cholesterol lowering agents.”*

A review of these collective works shows that although lower levels of CoQ10 may impair energy
metabolism of muscles and lead to muscle damage, statin toxicity is not fully prevented by the restoration
of normal ubiquinone levels.>”*” GG on the other hand, which functions upstream of CoQ10 synthesis in
the mevalonate pathway, increased not only the synthesis of ubiquinone in the presence of statins, but

also enhanced mitochondrial function™ and prevented muscle damage.?”’

One of GG's perhaps most important tasks is in building muscle. To demonstrate how indispensable GG is
to muscle health, researchers added the isoprenoid to statin-treated muscle cells, and were able to restore
RAP1 prenylation and cell viability.?** Other researchers noted that GG was able to repair and rescue
cellular functions that prevent statin-associated muscle cell damage.*

One specific gene indicated in the development of Myotube

muscle atrophy is atrogin-1, which was found to be
induced in statin-related muscle wasting.”” Atrogin-1 g eraton Difrersnuation
is induced earlier in the atrophy process and
precedes the loss of muscle weight.”® Expression of
atrogin-1 on a clinical level was confirmed to be
significantly higher in  muscle samples from
symptomatic  statin-treated  patients””  This
statin-induced atrogin-1 expression and muscle
damage was revoked by GG in both cultured mouse
myotubes and zebrafish.”” Whereas statin led to

visible muscle damage in zebrafish,
co-supplementation of GG reduced atrogin-1 and

X Healthy muscle Myotoxicity
consequent muscle fiber damage.
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and other cells in general. Fortunately, addition of

exogenous GG provides a simple means to restore protein generated from GG,?° and multiple studies

show that GG co-supplementation with statins was able to restart cell growth in human arterial and

bronchial smooth muscle cells,2°®" and to restore DNA synthesis and cell division.20#*83

GG clearly has a central role in protein activation. Researchers pointed to GG “as the principal target of
statin-dependent myotoxicity,”? further noting that statin-induced muscle damage “is the result of a
geranylgeranylation defect””” — due to a constricted supply of GG.

Inhibition of key enzymes in the mevalonate pathway reduce conversion of vitamin K1 to the K2 form, the
latter being instrumental in bone mineralization with important implications for calcium scores in




atherosclerosis® Vitamin K2-dependent enzymes play essential roles in calcium trafficking, and a deficit of
enzyme activity may contribute to reduced bone mineralization with concurrent vascular and soft tissue
calcification—a phenomenon called the “calcium paradox.”®% Bringing GG and K2 into the mix, this is no
longer paradoxical, but rather is precisely expected when synthesis of this critical compound is reduced. K2 is
a cofactor for matrix Gla protein, which researchers have described as “the strongest inhibitor of tissue
calcification presently known.”®* K2 is needed for carboxylation of matrix Gla protein as well as bone Gla
protein (a.k.a. osteocalcin). Elevated levels of undercarboxylated osteocalcin are associated with osteoporosis,
while higher circulating levels of undercarboxylated matrix Gla protein have been shown to predict
cardiovascular disease and mortality® An insufficient supply of fully carboxylated matrix Gla protein may
explain the atherosclerosis observed among some statin users—another phenomenon that seems paradoxical
on the surface, but which is mechanistically explained by statin-induced reduction in K2 synthesis.®®

Studies using statins were able to further elucidate GG’s importance for vitamin K2 biosynthesis. Statins are
known to interfere with the conversion of phylloquinone to menaquinone, which in turn lead to increased risk
of arterial calcification.®® One study showed that statins — through a reduction of GGPP in the mevalonate
pathway — decreased MK-4 levels dose-dependently, whereas exogenous addition of GGPP enhanced MK-4
production.® This study also found that the interactions between GG levels, UBIAD]1, and cholesterol synthesis
are indelibly linked: When UBIAD1 was removed and accompanied by lower MK-4 levels, cholesterol synthesis
increased.*°

Another study corroborated these results, showing that in the presence of statins, MK-4 levels were low, and
GG was shunted toward cholesterol synthesis.® These researchers found statins to inhibit biosynthesis of
isoprenoid intermediates, including GGPP, thereby reducing conversion of dietary phylloquinone to MK-4
through limited GGPP availability. Supplementing with GGPP rescued MK-4 production.”® Importantly, statins
were associated with a significant reduction in kidney levels of MK-4, which may be clinically relevant because
low levels of MK-4 have been associated with calcification in chronic kidney disease, and low vitamin K is
implicated in renal disease.”

Statins are widely prescribed and used by Americans. They are powerful cholesterol-reducing drugs, but they
are “not specific”. There is a large array of unwanted effects exhibited by statins on the vital mevalonate
metabolic pathway and their corresponding pathological manifestations, and GG provides the corrective
steps in ameliorating these impacts. Supplemental GG may serve as a viable intervention to reduce the risk of
statin-associated myotoxicity, and to bolster production of key nutrients, including proteins, CoQ10 and
vitamin K2.

Bisphosphonates

Bisphosphonate drugs are another category of pharmaceuticals that interfere with endogenous synthesis of
GG. Nitrogen-containing bisphosphonates (NBPs) also exert their effects via the mevalonate pathway, but
the enzyme target of these drugs is farnesyl pyrophosphate synthase (FPPS) downstream from mevalonate,
so the mechanism is different from that of statins. FPPS is involved in the steps preceding GG synthesis. A
noted adverse effect of NBP use is osteonecrosis of the jaw (ONJ). There is no current treatment for ONJ, and
GG has been identified as a potential preventive and therapeutic agent.®



Regarding a potential role for GG in mitigating the adverse effects of NBPs, GG was shown to reverse the
effects of these drugs by reduced angiogenesis,®® which has been hypothesized as one of several
mechanisms contributing to ONJ.# GG has also been shown to reverse the negative effects of NBPs in
human fibroblasts, osteogenic cells and HUVEC cells.”® Endothelial progenitor cells (EPC) co-treated with
NBPs and GG showed significantly increased cell viability, migration ability and increased EPC colony
density (decreased apoptosis) compared to non-GG-treated controls, effectively reversing the negative
effects of NBPs. Similar results have been demonstrated for GG reversing the negative effects of NBP on

human alveolar osteoblasts, periodontal ligament fibroblasts and oral keratinocytes.”*

GG presents a treatment for an unusual side effect of a popular anti-osteoporosis drug in protecting the
gum and jaw. This condition, if left unattended, presents obvious risk of opportunistic infections.

Conclusion

Geranylgeraniol is a multifunctional molecule that serves numerous critical functions throughout the
body, including supporting muscle and bone health, steroid hormone regulation, ATP generation, and
synthesis of another crucial energetic and antioxidant compound, CoQ10. GG's biochemical role as an
integral component of proteins and MK-4 also lend to its critical role at an endogenous cellular level and
in healthy physiology. Collectively, this multitude of biological influences demonstrate its ability to mitigate
age-related decline and support healthy aging. These benefits become chronically important as GG
declines with age. The value of exogenously-supplied GG is further emphasized due to common
prescriptions known to impair GG synthesis. GG supplementation may be warranted for aging individuals
to regulate hormonal production to improve zest, and for those who are taking statin and bisphosphonate
medications. With an increasingly aging population and high proportion of polypharmacy among
patients, GG exhibits an exceptional safeguard in supporting mitochondrial health, cellular vitality, and

overall healthy aging.
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