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Summary
Creosote bush, Larrea tridentata, is known as chaparral or greasewood in the United States and as
gobernadora or hediondilla in Mexico. Nordihydroguaiaretic acid (NDGA), the main metabolite of
the creosote bush, has been shown to have promising applications in the treatment of multiple
diseases, including cardiovascular diseases, neurological disorders and cancers. Creosote bush is a
promising agent of North American herbal medicine, and it has extensive pharmacological effects
and specific mechanisms of actions. This review provides an update of recent in vitro and in vivo
research about NDGA and describes experimental studies using NDGA as antioxidant. Also,
potential medical uses based on the effects of NDGA on the cardiovascular, immune and
neurological systems; cancer; tissue engineering; as well as pharmacokinetics and toxicity are
discussed.

Keywords
NDGA; antioxidants; inflammation; cardiovascular; cancer; tissue engineering

BACKGROUND
The use of plants for medicinal purposes predates written human history. Ancient Chinese,
Egyptian, and Assyrian texts detail the use of herbal therapies. Over the years, the
widespread use of herbal medicine has grown to the point that the World Health
Organization estimated in 1985 that 65%–80% of the world’s population, or 4 billion
people, rely on herbs for their medical needs [1]. Historically, thousands of herbs and their
derivatives have been utilized in the treatment of numerous illnesses. They remain the
mainstay of indigenous healing practices, and in many countries, they have been regulated
as drugs. Among western countries, they are commonly prescribed and have been utilized as
adjuncts alongside conventional medical therapies for many years.

Creosote bush, Larrea tridentata, is known as chaparral or greasewood in the United States
and as gobernadora or hediondilla in Mexico. It is abundant in the desert areas of the
Mexican states such as San Luis Potosi, Coahuila, Chihuahua, Durango, Sonora, Zacatecas,
Baja California Norte and Sur, and in the southwest states of the United States such as
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Arizona, California, Nevada, Texas and New Mexico. Similar species are found in arid
zones of South America, mostly in Argentina and Bolivia [2,3]. Creosote bush is an
important plant with a long history of medicinal use. Many indigenous tribes of North
America like the Pima, Yaqui, Maricopa and Seri have used extracts and preparations from
this plant to treat a wide variety of disorders including chicken pox, skin sores, diabetes,
kidney and gallbladder stones, cancer, venereal disease, tuberculosis, colds, and rheumatism
[3]. Similarly, the aqueous extracts of the creosote bush have been used by native healers of
the southwest region of North America, and is commonly referred to as chaparral tea. This is
traditionally implemented for the treatment of kidney and gallbladder stones; it is reported
that an infusion of the leaves dissolves gallbladder and kidney stones when the tea is
consumed throughout the day [3,4].

Creosote bush is a notable source of natural products. Approximately 50% of the leaves’ dry
weight is extractable matter. The leaves are shiny with a thick resinous coating, which
discharges a strong odor and has a sour flavor. The resin that covers the leaves yields
multiple flavonoid aglycones, essential oils, halogenic alkaloids as well as several lignans.
Among the latter are included, notably, the antioxidant nordihydroguaiaretic acid (NDGA)
[5]. NDGA and other phenols of the leaf surface function as antimicrobial agents and as
protection against herbivores, UV radiation and water loss. As such, they are potentially
important in the preservation of the species in the desert mileu.

NDGA, the main metabolite of the creosote bush, has shown to have promising applications
in the treatment of multiple diseases. Several medicinal properties have been supported in
cell culture and animal studies as well as historical reports. However, the safety and possible
toxicity from its application must still be determined in clinical studies. Among the proposed
medicinal properties of NDGA, and one of the main focuses of this review, are its
antioxidant effects [6]. Over the years, this compound has been studied and has gained
popularity and interest due to its antineoplastic, antiviral and anti-inflammatory
characteristics. The molecular mechanisms and medical applications of NDGA have
attracted much attention and hundreds of papers have been published in the last few years.
This review provides an update of recent in vitro and in vivo research about NDGA and
describes experimental studies using NDGA as antioxidant. Also, potential medical uses
based on the effects of NDGA on the cardiovascular, immune and neurological systems;
cancer; tissue engineering; as well as pharmacokinetics and toxicity are discussed.

CHEMICAL STRUCTURE AND GENERAL PROPERTIES OF NDGA
The resin that covers the leaves of creosote bush yields 19 flavonoids as well as several
lignans. In terms of natural product chemistry, creosote bush is best known by the large
amount of the lignan or pure compound NDGA, also known as Masoprocol. It is estimated
that NDGA composes approximately 5 to 10% of the leaves’ dry weight; this corresponds to
80% of all phenolics in the resin. NDGA is a natural compound with broadspectrum of
biological properties. It is a polyphenol-bearing o-dihydroxy (catechol) structure (Figure 1);
it possesses four phenolic hydroxyl groups. As such, NDGA is recognized as a strong
antioxidant with several beneficial health effects [7].

The Floriano-Sanchez group demonstrated that NDGA is a potent in vitro scavenger of
reactive oxygen species (ROS) such as peroxynitrite (ONOO−), singlet oxygen (1 O2),
hydroxyl radical (•OH), superoxide anion (O2

−•), hydrogen peroxide (H2O2), and
hypochlorous acid (HOCl); it was also able to prevent lung tyrosine nitration in vivo [7].
Excessive amounts of ROS can have deleterious effects on many molecules including
protein, lipid, RNA and DNA. The unpaired electron(s), coupled with the small size of ROS,
make ROS highly reactive; they can attack bases in nucleic acids, amino acid side chains in
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proteins and the double bonds of unsaturated fatty acids [8]. As described above, the specific
scavenging properties of NDGA help to explain its recognized antioxidant properties.

In order to determine the relative efficiency of NDGA in scavenging these species, the
authors compared the ability of NDGA to scavenge the above mentioned reactive species
with reference compounds such as uric acid, penicillamine, glutathione, and mannitol. They
concluded that NDGA is more efficient ONOO−, 1O2, •OH, O2

−• scavenger than the
reference compounds studied. These strong antioxidant properties may be due to the
presence of four reducing equivalents from the two catechol groups in NDGA; hydrogen
atoms of the four phenolic hydroxyl groups react with reactive oxygen species [7]. These
antioxidant effects, meanwhile, make NDGA an agent that ameliorates the observed renal
and hepatic toxicity induced by ferric-nitrilotriacetate and streptozotocin-induced diabetic
nephropathy. Also, ozone-induced tyrosine nitration in the lung is prevented. As a result of
the lipophilic antioxidant properties of NDGA, it has also been used as a preservative
[7,9,10].

NDGA has been proven to selectively inhibit arachidonic acid 5-lipoxygenase activity,
which reduces leukotriene and prostaglandin synthesis, thus leading to a reduction of
inflammatorypathways [11,12]. NDGA also has profound effects on the secretory pathway,
reflected in its ability to block production of leukotriene B4, degranulation, phagocytosis,
and the respiratory burst by exerting effects on the mitochondria and nonspecifically
inhibiting NADPH oxidase and protein kinase C. Because the ROS generated by
mitochrondria during respiration have been implicated in several disease processes, this
ability of NDGA may contribute significantly to its therapeutic value [13–15]. NDGA has
also been shown to block protein transport from the endoplasmic reticulum (ER) to the
Golgi complex, induce the redistribution of Golgi proteins into the ER and affect levels of
intracellular calcium [16,17].

Morerecently, NDGA has been shown to disrupt the actincytoskeleton and exert effects on
cell adhesion [18,19] and also to directly inhibit activationof two receptor tyrosine kinases
(RTKs), the Insulin-like growth factor-1 receptor and the c-erbB2/HER2/neu receptor. This
results in decreased cellular proliferation [20,21]. Some reports indicate that NDGA may
exert anti-tumor effects by inducing apoptosis in a range of cell lines, including breast
cancer, pancreatic carcinoma, multiple myeloma and HL-60 cells [22,23]. Others showed
NDGA’s capacity to block apoptosis either by tumor necrosis factor-α (TNF α) or CD95
ligand [24,25].

L. tridentata leaves also contain 3-O-methyl NDGA, another lignan with one methoxyl and
three hydroxyl side chains, rather than the four hydroxyl groups found on NDGA [26,27]. 3-
O-methyl NDGA, like NDGA, has been shown to exert important antiviral properties by
inhibition of viral replication; it also displays anti-inflammatory activity by means of potent
cyclooxygenase-2 inhibition [26,27].

Tetra-O-methyl NDGA (M4N) is a semi-synthetic derivative of NDGA also known as
terameprocol (TMP). Several studies have demonstrated the ability of M4N to inhibit the
secretion of cytokines, chemokines, and inflammatory lipids from activated macrophages;
these include TNF-α in vivo and chemokines monocyte chemotactic protein 1, prostaglandin
E2 and other cytokines and inflammatory lipids which are linked to inflammatory diseases
like psoriasis and rheumatoid arthritis. These results raise the possibility that M4N may be
useful and even advantageous over other TNF-α blockers already available in the treatment
for inflammatory diseases mediated by TNF-α and other key inflammatory cytokines and
chemokines [25,26,28].
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VASCULAR BIOLOGY AND CARDIOVASCULAR DISEASE
Antioxidants and antioxidant enzyme systems play an important role in the regulation of free
radical levels in the vasculature which can potentially play a role in the development of
disease. Numerous studies have verified the benefit that antioxidant therapy offers.
Antioxidants diminish the long-term harmful effects on the vascular wall exerted by
pathological entities such as hypercholesterolemia, atherosclerosis, diabetes mellitus, and
hypertension; the use of antioxidants can halt disease progression. In these pathological
states, increased production of ROS is observed, resulting in loss of biological activity of
nitric oxide (NO) and impairment of endothelium-dependent relaxation properties.

Zhou et al. [29] have demonstrated in a variety of models that administration of antioxidant
therapy can diminish endothelial dysfunction. Ramasamany et al. [30,31] verified that
antioxidants such as NDGA, N-acetylcysteine (NAC), probucol and catechol enhance the
expression of endothelial nitric oxide synthase (eNOS) in cultured endothelial cells; not
surprisingly, NDGA increased eNOS expression by as much as 3-fold, and its effects were
augmented when combined with non-phenolic small antioxidant molecules such as ascorbic
acid and NAC. Of note, increases in eNOS and NO bioavailability after treatment with
NDGA and/or other antioxidants substantially reduce endothelial dysfunction; as such, the
compounds are considered vasoprotective. Kumar et al. [32] observed similar results:
NDGA increased eNOS protein expression by 2 to 2.5-fold in fetal pulmonary arterial
endothelial cells (FPAECs). These investigators were able to identify the activation
protein-1(AP-1) specific binding site as a key element in the mechanism of action of this
effect.

There is substantial evidence that antioxidants may inhibit the atherosclerotic process via a
variety of mechanisms. These antiatherogenic properties of antioxidants include prevention
of low-density lipoprotein oxidation, inhibition of vascular adhesion molecule expression,
increase of expression of eNOS and production of endothelial NO. Wedgwood et al. [33]
investigated the role of AP-1 in the upregulation of eNOS expression in FPAECs treated
with NDGA, and they concluded, importantly, that NDGA increases AP-1 binding, resulting
in increased promoter activity. Modulation of eNOS expression by NDGA and similar
compounds maybe a useful clinical target for future drug design and clinical studies.

Meanwhile, other studies indicated that NDGA, besides being a specific lipoxygenase
inhibitor, also inhibits several other enzymes. For instance, NDGA has been shown to
markedly inhibit the ability of TNF-α to activate the expression of vascular cell adhesion
molecule 1 (VCAM-1) mRNA levels at concentrations that did not inhibit the activation of
transcriptional factor NF-κB. These results suggest that activation of the lipoxygenase
pathway and c-Fos activation may mediate, at least in part, the effect of TNF-α in regulating
the expression of VCAM-1 in human microendothelial cells [34]. NDGA was also found to
selectively inhibit platelet-derived growth factor (PDGF)-stimulated DNA synthesis in
Swiss 3T3 cells, diploid murine cells and rat and human fibroblasts [35]. NDGA also
selectively inhibited PDGF receptor tyrosine phosphorylation in a dose-dependent manner in
intact cells. Protein tyrosine phosphorylation stimulated by epidermal growth factor or
bombesin was not altered by NDGA treatment. Crucially, NDGA inhibited in vitro the
tyrosine kinase activity of anti-phosphotyrosine and anti-PDGF receptor [35].

CANCER
NDGA has been identified to have a significant role in cancer therapy including that of
breast, prostate, lung, esophageal and skin cancers. Models of carcinogenesis have
demonstrated the capacity of NDGA to inhibit the growth of several human cancer types
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both in cell cultures and in animal models. These encouraging results suggest a possible
therapeutic chemotherapy role for NDGA [2,9,36–38].

In lung cancer, there is evidence to suggest that NDGA exerts a chemo protective activity;
NDGA suppresses lung cancer cell growth in cell lines exposed to NDGA [39].
Furthermore, one study demonstrated that adding 0.1% NDGA to the drinking water of
athymic mice bearing non-small cell lung cancer tumors significantly inhibits tumor growth
compared with control mice [38]. In addition, NDGA has not only been shown to suppress
breast cancer cell growth, it has a synergistic effect with retinoic acid on the inhibition of
mammary tumor cell transformation and proliferation [40]. Furthermore, NDGA has been
shown to be able to induce apoptosis in several human pancreatic and cervical cancer cell
lines, which is thought to be due to its activity as a lipooxygenase inhibitor [41]. Similarly,
NDGA has been reported to promote cell death of trastuzumab-naive and trastuzumab-
refractory human epidermal growth factor receptor 2 (HER2)-overexpressing breast cancer
cells by inducing DNA fragmentation. It has also been demonstrated that combination
treatment with NDGA and trastuzumab suppressed proliferation and survival of
trastuzumab-refractory cells to a greater degree than either agent alone, suggesting that
NDGA increases the sensitivity of refractory cells to trastuzumab, a monoclonal antibody to
HER2 [42]. Due to the tendency of some breast cancers to develop resistance to
trastuzumab, the possibility of developing adjunctive treatments has been explored [43], and
NDGA may prove useful in this approach.

Furthermore, NDGA has been shown to significantly inhibit damaging Ultraviolet B
irradiation induced signaling pathways in human keratinocytes by two suggested modes of
action. First, NDGA acts as an antioxidant to prevent the harmful effect of reactive oxygen
species. Secondly, NDGA affects gene expression and differentiation, which is likely
through its effects on leukotriene synthesis [2]. Moreover, when topical NDGA is used in
the treatment of actinic keratoses, it has been shown to be superior to 5-fluorouracil [44].

The complete mechanisms by which NDGA is anti-tumorigenic and anti-proliferative are
still being elucidated. Preliminary in vivo studies have revealed that NDGA suppresses
tumor growth by inhibiting metabolic enzymes as well as RTK phosphorylation, which is
overexpressed in certain cancer cells [21]. Meanwhile, NDGA has been shown to modulate
tumor cell sensitivity to vinblastine by a mechanism independent of interference with the
multidrug resistance (MDR1) gene product. NDGA has also been shown to inhibit the
incorporation of [3H]-thymidine by K562 chronic myelogenous leukemia cells in culture and
reversibly inhibits DNA synthesis by human glioma cells [21,45]. Additionally, it has been
confirmed that NDGA exerts a unique and strong inhibitory effect on transforming growth
factor β (TGF-β) type I receptor, a serine threonine kinase receptor, which has a unique
signaling pathway involving the Smad family: NDGA treatment inhibited the translocation
of Smad2 to the nucleus and strongly repressed Smad2 phosphorylation induced by TGF-β
family [46]. NDGA also inhibited downstream transcriptional activation mediated by TGF-
β. It is thought that NDGA inhibitory properties are strongly related to the oxidative
pathways carried by TGF -β signals [46,47].

Modification of the structure of NDGA can lead to increased potency. Not surprisingly, this
finding has stimulated researchers towards the development of newer, more potent
compounds. M4N has been shown to inhibit the growth of certain tumor-derived cell lines
and is now in clinical trials for the treatment of human cancer [26]. Several studies have
examined and demonstrated its ability to inhibit cancer cell growth in vitro as well as
tumoricidal activity in vivo in human tumor cell xenografts in mice [26,48–50]. It is
postulated that M4N blocks cell cycle progression by inhibiting expression of the Sp1-
dependent gene coding for cyclin-dependent kinase 1 (cdk1, also known as cdc2 and cyclin
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B kinase) and promotes apoptosis by inhibiting expression of the survivin gene [49–51].
Cdc2 is one of several kinases controlling mitosis and is deregulated in cancer cells.
Survivin is an inhibitor of apoptosis over expressed in many cancers. Tumor cells that
overexpress survivin are prevented from entering the caspase-induced cell-death pathway
that would otherwise lead to their destruction [49,51,52]. Meanwhile, survivin is not
normally expressed in non-diseased tissue [53]. Hansel et al. [54] demonstrated that
esophageal adenocarcinoma cell lines treated with M4N demonstrated a dose-dependent
reduction in cell proliferation, paralleling down-regulation of CDC2/CDK1 transcript and
protein levels. M4N, then, may represent a novel site-specific transcription inhibitor that can
potentially regulate the function of cell cycle and apoptosis genes aberrantly expressed in
many types of human cancers. The safety of M4N, meanwhile, has been assessed in phase I
studies using intratumoral administration in bladder, vaginal and oral squamous carcinoma
in head and neck cancer patients at different doses. There was no acute or delayed toxicity.
Furthermore, a phase I dose-escalation study in patients with cervical intraepithelial
neoplasia revealed that intravaginal administration of M4N was well tolerated, and there
were no serious or treatment-related adverse events [55,56]. Clinical trials with M4N in the
treatment of human tumors are currently underway for treatment of cervical dysplasia as
well as treatment-refractory tumors and brain tumors [57]

NEUROLOGICAL DISORDERS
A range of experimental approaches have revealed a tight connection between
neurodegenerative diseases and oxidative stress. Free radicals are implicated in a variety of
acute and chronic neurodegenerative disorders, such as cerebral ischemia and Alzheimer’s
disease; ROS are thought to be responsible for neuronal injury [58]. A study using
hippocampal neurons from rats demonstrated that NDGA prevents neuronal injury and
accumulation of ROS. Also, the cultured neurons were protected against the toxicity of
amyloid β-peptide (Aβ); Aβ-induced accumulation of ROS and intracellular calcium were
suppressed [59]. The study concluded that NDGA has a neuroprotective role which is likely
mediated by its lipoxygenase inhibitor/antioxidant properties. As such, it could potentially
play a key role in the disruption of neurodegenerative pathways that contribute to the
pathophysiology of Alzheimer’s disease and other neurological disorders [59,60]. Indeed, as
mentioned, NDGA is a very potent inhibitor of 5-lipoxygenase in different tissues. It also
has considerable inhibitory activity against cyclooxygenase, resulting in a inhibitory effect
in arachidonic acid metabolism, and limited n-metyl-D-aspartate (NMDA, a subclass of
glutamate receptor) induced neuronal toxicity [61].

Furthermore, the antioxidant activity of NDGA strongly diminishes cytokine secretion by
dendritic cells. It significantly protects against post-ischemic cellular and functional damage
in the brain by multiple mechanisms, including an α-tocopherol-like scavenging of lipid
hydroperoxides [62]. NDGA has also been proven to be a potent anti-ischemia–reperfusion
injury agent in vitro and in animal models through different antioxidant pathways [60].
Under this same premise, as neurodegenerative diseases are tightly connected to oxidative
stress, NDGA’s antioxidant characteristics make it a potential therapeutic tool for protection
against oxidative stress in cerebellar neurons by activation of the nuclear factor erythroid-2
related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) axis [63].

Another cellular mechanism recognized as being neurotoxic is glutamate homeostasis.
Numerous studies suggest that glutamate, while being critical for normal synaptic
neurotransmission, may be neurotoxic if not tightly regulated. Glutamate is the predominant
excitatory neurotransmitter. Abnormal accumulation of glutamate in the synaptic cleft and
excessive activation of glutamate receptors contribute to neuronal death, a process known as
‘excitotoxicity.’ This phenomenon is thought to contribute to neuronal loss in
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neurodegenerative diseases that include Amyotrophic Lateral Sclerosis, Alzheimer’s
disease, Parkinson’s disease, stroke, and epilepsy [64]. NDGA has been identified as a
compound capable of inducing glutamate uptake and upregulation of expression levels and
activity of the glutamate transporter EAAT2 (GLT-1) in mice [65].

VIRUS INFECTION AND IMMUNE MODULATION
In addition to antioxidant, anti-inflammatory and anti-proliferative features, NDGA has also
been found to be a potent antiviral and inhibitor of viruses such as human immunodeficiency
virus (HIV-1), herpes simplex virus (HSV), human papilloma virus (HPV) and influenza
virus [66]. NDGA has been found to suppress Sp1 regulated transcription within HIV and
HSV. HPV also contains a prominent Sp1 DNA binding site that plays an active role in the
virus gene expression; this is also suppressed by NDGA, leading to inhibition of gene
expression from the early promoter P(97) of HPV16. Studies suggest that NDGA and its
derivatives bind to DNA, which prevents Sp1 interaction and thus interferes with Sp1
protein transactivation function in gene transcription [58].

Interestingly, NDGA derivatives tetramethyl-O-NDGA and tetra-acetyl NDGA exhibited
similar or even higher anti-viral activities than natural compounds. Among these, the
synthetic derivative M4N showed the highest anti-HIV activity and inhibition of the
replication of HSV in Vero cells and HPV [2,66]. Moreover, Hwu et al. [67] screened their
newly synthesized NDGA derivatives against HIV by using HIV long terminal repeat (LTR)
promoter, SEAP, and CMV promoter driven Tat, and found several heterocycle-containing
ether NDGAs were stable in aqueous medium and possessed inhibitory activity toward HIV
Tat-regulated transactivation in human epithelial cells.

The pathogenesis of influenza virus infection involves not only virus-proliferation-mediated
apoptosis in infected cells but also direct cellular injury to the infected as well as the non-
infected cells from ROS produced by neutrophils and macrophages infiltrating the infected
organs [68]. NDGA possesses antiviral, anti-apoptotic and antioxidant activities. The
treatment of influenza virus-infected chorion cells with NDGA revealed not only an
effective inhibition of the virus proliferation, but also showed a more potent effect over
previous antioxidant tested. These findings raise the possibility of a potential treatment
option for patients with influenza virus infection [68]. When cytomegalovirus and
adenovirus promoters were challenged against NDGA, there was no effect, suggesting that
the antiviral activity of NDGA and its derivatives is selective depending on the virus type
[66].

TISSUE ENGINEERING
Tissue engineering involves combining genetic engineering of cells with chemical
engineering to create artificial organs and tissues, such as skin, tendons, bones and blood
vessels. In recent years, biomaterials have been used to develop tissues such as bridge
gapped tendons. Implementation of appropriate tendon bioprosthetic devices requires
biocompatable tissues and materials with mechanical properties sufficient to withstand the
loads associated with post-surgical mobilization, as well as effective means of integrating
these materials into the repair site. Biological materials intended for bioprosthetic tissue
replacement are most often treated with cross-linking agents to reduce antigenicity and cell
mediated degradation. Recent approaches have focused on cross-linking agents that have
low cell toxicity and that can form biocompatible adducts.

NDGA is a bioactive natural product which is able to crosslink collagen. It has been proven
to be effective in preparing a scaffold for tendon tissue engineering. Koob et al. [69] have
developed methods for stabilizing collagen-based materials with catechol-containing
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monomers, which were developed in order to produce fibers with mechanical properties
with respect to tension that were comparable to those of normal tendon. They found that
NDGA and the products resulting from oxidative polymerization with collagen fibers are
biocompatible [70]. As a result, NDGA cross-linking may provide a viable approach to
stabilizing collagenous materials for use in repair of ruptured, lacerated or surgically
transected tendons, as well as other biomaterial constructs for surgical repair of
musculoskeletal injuries and disease.

Meanwhile, a new 3D porous and biostable collagen scaffold has been developed by Ju et al.
[71,72] to improve the biocompatibility of implantable glucose sensors by minimizing tissue
reactions while stimulating angiogenesis around the sensors. This novel collagen scaffold
was crosslinked using NDGA to enhance biostability. NDGA-treated collagen scaffolds
have been shown to be stable without physical deformation in the subcutaneous tissue of rats
for 4 weeks, an improvement over the frequently used glutaraldehyde (GA)-treated collagen
scaffolds, which were extremely damaged following implantation [71]. GA is currently the
most common crosslinking agent used for fixation of collagen scaffolds for tissue
bioengineering. Ultimately, evaluation of these scaffolds indicates that application of
NDGA-crosslinked collagen scaffolds might be a good method for enhancing the function
and lifetime of implantable biosensors by minimizing the in vivo foreign body response [72].

NDGA crosslinking material is superior to those treated with GA because the chemistry of
the NDGA crosslinking reaction differs from that of GA. The two aldehyde functional
groups of the GA molecule react with amine groups between two neighboring polypeptide
chains, lysine side chains especially. This links the two collagen chains. However, the
presence of unreacted residual groups or the release of monomers and small polymers during
enzymatic degradation may potentially cause cytotoxicity [72]. NDGA crosslinking, on the
other hand, does not involve forming crosslinks with amino acid side chains of collagen.
NDGA possesses two reactive catechols which undergo autooxidation at neutral or alkaline
pH producing reactive quinones. These two quinones then couple via aryloxy free radical
formation and oxidative coupling, forming bisquinone crosslinks at each end. The NDGA
continues forming a large crosslinked bisquinone polymer network in which the collagen
fibrils are embedded [72].

NDGA polymerized collagen fibers have also been introduced as a novel local drug delivery
system. The drug loading of these biocompatible fibers has been described with the anti-
inflammatory agents such as dexamethasone and dexamethasone 21-phosphate, however
these fibers can be used to load other agents as well. These fibers were coated with
poly(lactic-co-glycolic acid) (PLGA) to control the rate of drug release from the fiber. This
novel drug delivery system has the potential broad application for the treatment of various
human diseases [73].

Decellularized heart valve scaffolds, the most prevalent tool for heart valve replacement,
possess many properties desirable in valvular tissue engineering. However, the non-
crosslinked scaffolds have their own limitations, such as short durability, structural
dysfunction and immunological incompetence. Lü et al. [74] used NDGA to crosslink
decellularized heart valve scaffolds resulting in higher tensile strength, better enzymatic
hydrolysis resistance and higher store stability than the non-crosslinked ones. Furthermore,
its mechanical properties and cytocompability were superior to that of GA-crosslinked heart
valve matrix. Their study demonstrated that NDGA-crosslinking of decellularized valvular
matrix is a promising approach for preparation of heart valve tissue engineering scaffolds.
Once again, NDGA holds promise as a tool in tissue engineering.
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TOXICITY
Herbal medicines are considered by the public and some health care providers as gentle and
safe, but in many instances there is a lack of scientific basis for that belief. Many herbal
preparations, botanicals and plant extracts that are believed to be harmless and commonly
used for self-medication contain chemicals that are similar to those in purified medications.
As such, they have the potential to cause serious adverse effects if they are not utilized with
caution and under supervision. These compounds may be found mixed within such extracts
at random concentrations making it complicated to control the precise dose. Furthermore,
they may generate unpredictable interactions with other medications that may be poorly
studied.

As reviewed by Arteaga et al. [2], creosote bush and its main metabolite NDGA have shown
to be useful in traditional medicine, industry and research, but none has been tested at the
clinical level. The toxicity of creosote bush has been demonstrated through in vitro and in
vivo studies. However, the reported toxic doses in humans and experimental animals always
exceeded the traditional use of the plant. Traditionally, Creosote bush extracts containing
NDGA used in healing practices are prepared by boiling in water and then either applied
topically as a paste or consumed as a tea. This extraction process may possibly result in a
significant alteration of the compound into a weaker, stronger or even a toxic derivate [75].

NDGA has been utilized in traditional healing practices for many years in a wide range of
remedies, but at present, it application in clinical settings is limited due to reported toxicity
in isolated cases. Its use as a food antioxidant was initially approved by the Meat Inspection
Division of the US War Food Administration in 1943. It was utilized commercially in the
United States as a preservative for fats and butter until it was shown to induce a cystic
nephropathy in the rat; thereafter, it was removed from the FDA’s list of generally regarded
as safe (GRAS) agents in 1968. However, Larrea-containing products remained on the over-
the-counter, dietary-supplement market. Although consumption of low doses of such
products appear to be harmless, high doses has been associated with dermatitis,
nephrotoxicity, biliary toxicity, and hepatotoxicity in humans which includes fulminant liver
failure, and renal cell carcinoma [76–78].

Hepatic metabolism has been described in mice. Lambert et al. [45] found the lethal dose
50% (LD50) of 75 mg/kg 5 days after a single intraperitoneal dose, and an increase in
alanine amino transferase with administration of 50 mg/kg. The high clearance of NDGA,
which doubles that of creatinine, suggests that its clearance is not by renal means. One
possibility is that it may be extracted by the liver as O-methylation and glutathione
conjugation or other metabolic derivatives [76]. Most interestingly, structural modification
of NDGA changed the in vivo toxicity. For example, the LD50 of NDGA was found to be 75
mg/kg (intraperitoneal injection), whereas M4N was well-tolerated at 1000 mg/kg
(intraperitoneal injection) [49]. Several other tetra-O-substituted NDGA analogs also
showed decreased in vitro toxicity [79].

SUMMARY AND FUTURE DIRECTIONS
The main metabolite of Creosote bush NDGA has shown to have promising applications in
the treatment of multiple diseases, such as cardiovascular diseases, neurological disorders
and cancers, and in the exciting and important field of tissue engineering. Several medicinal
properties have been supported by in vitro and in vivo experimental studies, as well as
historical reports. This North American herb has extensive pharmacological effects and
specific mechanisms of actions. NDGA is a strong antioxidant: it can scavenge ROS or
inhibit ROS production, stimulate NO production, increase immune function, enhance
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central nervous system function, and prevent cardiovascular or other diseases. Tissue
engineering studies demonstrate that NDGA-crosslinking is an effective way to improve the
mechanical properties and biocompatibility of artificial tissues and organs. However, its
clinical applications, safety and toxicity, are still to be determined in clinical studies. Future
research on NDGA should include detailed mechanisms of action, specificity, clinically
relevant pharmacokinetic and toxicity studies, and therapeutic studies in both animal models
and human trials. The observation that chemical modification of this compound reduces
toxicity, combined with the observed enhanced therapeutic effects, indicates that the
derivatives of NDGA may become important drugs in the future.
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Figure 1.
Chemical structure of nordihydroguaiaretic acid (NDGA). Other names of NDGA are 1,4-
bis(3,4-dihydroxyphenyl)-2,3-dimethylbutane, 4,4′-(2,3-
dimethyltetramethylene)dipyrocatechol, and Masoprocol.
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