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CONSPECTUS
Nicotine and methamphetamine are frequently abused in modern society, despite the increasing
evidence of their addictive, neuropharmacological, and toxic effects. Tobacco, the most widely
abused substance, is the leading cause of preventable death in the United States, killing nearly half
a million Americans annually. A methamphetamine epidemic has also spread during the last decade;
severe neurotoxicity and addictiveness contribute to the drug's notoriety. Although the majority of
research on these two drugs is of pharmacological and neurobiological motivation, further study of
these molecules from a chemical perspective may provide novel mechanistic insight into either their
addictive potential or their pathological effects. For example, nicotine and methamphetamine share
a common structural feature—a secondary amine—suggesting that these molecules could possess
similar (or analogous) in vivo reactivity. Discoveries concerning the synthetic requirements for
aqueous aldol catalysis and the feasibility of the enamine mechanism under physiological conditions
have given rise to the hypothesis that ingested molecules, such as abused drugs, could participate in
reactions utilizing an enamine intermediate in vivo.

The chemical reactivity of exogenous drugs with amine functionalities was initially examined in the
context of the Maillard reaction, or nonenzymatic browning. The heating of reducing sugars with
amino acids yields a brown solution; studies of this reaction were originally applied to food chemistry
for the production of distinct flavors and aromas. Further research has since revealed numerous
instances in which the in vivo production of advanced glycation end products (AGEs) through the
Maillard reaction contribute to the pathology of disease states. Specifically, the modification of long-
lived proteins by glycation and glycoxidation and the accumulation of these AGEs compromise the
original function of such proteins and change the mechanical properties of affected tissue. In this
Account, we summarize our investigations into the capacity for exogenous compounds to initiate the
Maillard reaction and the corresponding physiological and immunological impact of the drug-
conjugated AGEs that form. Many of the pathological components of diabetes, atherosclerosis,
cancer, macular degeneration, Alzheimer's disease, and even the normal aging process are
attributable to AGEs and their potential for aggregate formation in the vasculature. A deeper
understanding of AGEs—and particularly glycated proteins—will provide fundamental mechanistic
insight into disease origins.
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INTRODUCTION
Substance addiction, which continues to inflict a large economic and social burden on modern
society, involves a complex sequence of brain adaptations. The development of drug
sensitization and addictive behaviors, which involves neuroplasticity in brain regions
subserving learning and memory, is often examined through models of nicotine and
psychostimulant abuse. Whereas amphetamines directly activate the mesolimbic dopaminergic
circuits, which govern the learnt reward aspect of addiction, nicotine binds nicotinic
acetylcholine receptors whose downstream effect includes the modulation of dopamine
reactivity within the nucleus accumbens. Thus, both drugs possess a similar capacity to induce
severe drug dependence in the user.

The quest to elucidate the altered psychological and physical pathology of drug addicts and
correspondingly to develop better addiction therapies motivates the majority of research on
abused substances. Many drugs, nicotine and amphetamines notwithstanding, possess
inherently reactive chemical functionalities that would allow them to participate in biologically
relevant chemical reactions, however the potential for this in vivo reactivity to induce certain
pathologies in addicts is often overlooked in neurobiological research. By contrast, the
examination of drug reactivity has been undertaken by chemists, and a classic example is the
finding that specific sedatives and depressants promote alkaloid formation in vivo by inhibiting
the oxidation of aldehydes.1 Their metabolism generates acetaldehyde, which readily
condenses with biogenic amines or amino acids to form imines, and subsequent ring closure
may lead to the formation of potentially psychoactive or toxic alkaloids through Schiff base
formation by the Pictet-Spengler reaction. We have postulated that nornicotine and
methamphetamine (Fig. 1), psychoactive compounds possessing a secondary amine moiety,
may mediate complementary enamine-based chemistry in vivo and that this reactivity of abused
drugs may provide a mechanistic explanation for certain pathologies observed in addicts.

THE ENAMINE MECHANISM
Revered by chemists as an essential method to form carbon-carbon bonds with great
stereoselective control, the aldol reaction also has prominence within the field of biology with
its application to metabolic processes employing aldolases as glycolytic enzymes, the
formation of DNA adducts of acetaldehyde, and prebiotic catalysis.2,3 Both natural aldolase
and aldolase mimetics, which include both catalytic antibodies and compounds with aldolase
activity, have been studied extensively in order to gain improved efficiency, stereoselectivity,
and mechanistic understanding of the aldol reaction. Thus, the discovery that a chiral
biomolecule proline could catalyze asymmetric aldol reactions represented an important
contribution to the field of organocatalysis, particularly with respect to iminium-based and
enamine-based mechanisms for catalysis.4,5 This chemical framework was successfully
applied to research in aldolase enzyme evolution and small oligopeptide-mediated catalysis of
the asymmetric formation of sugars under prebiotic conditions.6 However, consideration of
this enamine-based chemistry during investigations into the mechanistic basis of disease
pathologies or drug effects in vivo was minimal until small-molecule based aqueous aldol
catalysis was proven operable under physiologically relevant conditions.7
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Our research into the reactivity of nicotine metabolites led us to discover that nornicotine, a
minor tobacco alkaloid, possessed organocatalytic activity under buffered aqueous conditions,
and opposite to the biomolecule proline, such catalysis was lost in common organic solvents
(Scheme 1).7 Furthermore, as proven through capturing the hypothesized enamine nucleophile
in trapping experiments, nornicotine catalyzed the aqueous aldol reaction involving an
activated aldehyde acceptor, while the biomolecule proline failed to mediate such catalysis at
physiological pH and temperature. Whereas the nornicotine-derived enamine was relatively
stable at pH 7.5-8, the proline-derived enamine was vulnerable to hydrolysis, thus precluding
catalysis.8 Contrary to previous studies with proline, nornicotine-based catalysis illustrated the
physiological relevance of the enamine mechanism to the aldol reaction (Scheme 2A) and was
suggestive of the more general operability of this mechanism in vivo (Scheme 2B).

THE MAILLARD REACTION
The Maillard reaction, which was first described as the pathway responsible for the color and
aroma of certain cooked foods, is initiated by the reversible coupling between a free amine and
an aldehyde or ketone moiety of a reducing sugar to form Schiff bases.9 Amadori rearrangement
of the Schiff base intermediates and then degradation, fragmentation, or oxidation steps lead
to the formation of advanced glycation end products (AGE; Fig. 2A).10 Its scientific relevance
has since extended beyond its application to food chemistry to the study of its reaction
mechanism and role in disease states. With respect to the latter, the diverse array of glycated
proteins are potentially toxic, long-lived, and deleterious to the endogenous role of unmodified
protein.11 Specifically, the cross-linking of collagen, a protein with a slow rate of turnover,
may precipitate endothelial dysfunction as AGE deposits accumulate on vasculature. Fiber
stiffness, thermal denaturation temperature and enzyme resistance comprise a few of the
physical properties of proteins compromised by intra- and intermolecular cross-linking.12

Indeed, many of the pathological components of diabetes, atherosclerosis, cancer, macular
degeneration, Alzheimer's disease (AD), and even the normal aging process are attributable to
AGE and aggregate formation.10,13-16 A second major impact of the Maillard reaction is the
side-chain modification of reacting proteins. The altered charge distribution of specific amino
acids can abolish the interaction or recognition of the effected molecule with other endogenous
biomolecules, a scenario important to degradative enzymes, cell surface receptors, and the cell-
collagen interactions mediated by integrin recognition of arginine residues.

It should be noted that the Maillard products detected in vivo and implicated in disease states
are not formed exclusively by glycation. Indeed, several physiologically relevant pathways
contribute to the wide array of immunochemically distinct AGEs. The dehydration and
rearrangement of Amadori products may form α-dicarbonyls and the classic AGEs Nε-
(carboxymethyl)lysine (CML), pentosidine, and pyrraline (Fig. 2B).17 However, Schiff base
fragmentation to generate glycolaldehyde, and rearrangement of Amadori products and
glyceraldehyde 3-phosphate also produces α-oxoaldehydes, the most notable of which are the
reactive dicarbonyl 3-deoxyglucosone (3-DG) and methylglyoxal.18 Autoxidation reactions of
reducing sugars and polyunsaturated fatty acids such as in the formation of glyoxal from
glucose emphasizes the ability of various other carbohydrate or lipid-dependent metabolic
processes to generate α-oxoaldehydes.19 A distinguishing feature of these Maillard reaction
intermediate processes is the role of oxidative reactions (i.e., glycoxidation and nonoxidative
glycation).20 Regardless, all intermediates subsequently react with the free amino groups of
proteins, phospholipids, and nucleic acids, and thereby contribute to the diversity of late-stage
AGEs.
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IN VIVO EFFECTS OF AGE FORMATION
The complex kinetics and thermodynamics of the in vivo pathways generating AGEs have
impeded the study of AGE formation. Schiff base condensation is a rapid and reversible process
amenable to pharmacodynamic modeling. By contrast, the irreversible pathway by which
Amadori products rearrange and form cross-links to generate AGEs is complicated by its
sensitivity to reaction conditions and by the imperfect characterization of the numerous
chemical entities and reaction intermediates produced en route. Even though the Amadori
products form within hours to days after the initial reaction of the first sugar, the intermediate
products, though measurable, are presumably too short-lived to have dramatic physiological
ramifications in contrast to the end products of subsequent glycation and oxidation reactions.
21 Nevertheless, detection of in vitro- and in vivo-prepared glycation and oxidation products
holds merit in elucidating the kinetics of the early stages of the Maillard reaction.22 The
reactivity of the monosaccharide, in which the open-chain conformer of the reducing sugar is
conducive to Schiff base condensation, and the concentration of the reducing sugars, which
governs the probability that the sugar will encounter a reactive amine, tend to dominate the
reaction kinetics.23,24 It follows that hyperglycemic conditions may encourage the forward
reaction toward Schiff base and Amadori product formation.25

To elucidate the chemical mechanism by which AGEs arise from Amadori products is
nontrivial because it involves analysis of a complex, heterogenous mixture of AGEs forming
from an already diverse array of Amadori products. To bypass this hurdle, scientists have
focused on identifying pathologies derived from AGE formation and further elucidating how
the in vivo occurrence of the Maillard reaction is causally related to them. AGE formation
appears to induce a few main biological effects via a distinct progression of events: AGE
attachment to and cross-linking of proteins, AGE deposition and subsequent induction of
oxidative stress, activation of receptors for AGE (RAGEs), and induction of an immune
response against the antigenic AGE-modified proteins.26,27 With respect to the latter, more
common AGE motifs such as CML may serve as major immunological epitopes of anti-AGE
autoantibodies of broader scope. However, all members of the heterogenous array of AGEs
may elicit a unique polyclonal response, which greatly complicates their characterization.
AGE-modified proteins are detected through various methods including the use of antibodies
to known AGE motifs, visualization of AGE deposits on specific tissues such as vasculature
and lens collagen, measurement of the altered fluorescence produced by certain Maillard-type
cross-links, and detection of non-fluorescent AGE species through other spectrographic,
chromatographic, or immunological methods. Alternatively, RAGE activation, which
represents a cell-surface receptor dependent effect of in vivo AGE generation, contributes
largely to the pathogenesis of vasculature dysfunction, and its expression is more readily
quantified than heterologous AGEs.28

NORNICOTINE-BASED GLYCATION
The characterization of protein adducts and AGEs formed in vivo has illuminated the
physiological importance of the Maillard reaction. In conjunction with our elucidation of the
enamine mechanism for nornicotine-based aqueous aldol catalysis, we were exploring the
propensity of commonly administered drugs containing an amine moiety to participate in other
enamine-based reactions such as the Maillard reaction (Scheme 2). 7 The reactive glycation
products or glycotoxins present in tobacco and tobacco smoke extracts were previously
demonstrated to mediate AGE formation and protein cross-linking in vitro.29 This study also
verified that cigarette smoke-derived glycotoxins induced AGE modification of serum proteins
of smokers, illustrating the causal link between smoking, tobacco-associated AGE, and
vascular disease.29 However, from a mechanistic standpoint, no distinction was made between
AGE formation through glycotoxins preformed in tobacco (e.g. during the tobacco curing
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process) or through tobacco-derived reactive amines that initiated the Maillard reaction in
vivo after their inhalation.

To test whether nornicotine would initiate the Maillard reaction in vitro, the Amadori product
of nornicotine was prepared through the incubation of nornicotine and glucose under
physiological conditions as well as through synthetic methods (Scheme 2B).30 To verify that
this intermediate would react further to generate the glycated proteins associated with smoking,
the incubation of nornicotine and glucose was repeated in the presence of protein [ribonuclease
A (RNase A), bovine serum albumin (BSA), or human serum albumin (HSA)]. Detection of
nornicotine-modified AGEs was accomplished through enzyme-linked immunosorbent assay
(ELISA) and western blot analysis using mAb NIC6C12 (Fig. 3). Containing a 3-pyrrolidine-2-
yl-pyridine nucleus and an alkyl linker attached to the pyrrolidine nitrogen, the hapten used to
generate mAb NIC6C12 was designed to elicit anti-nicotine antibodies with superior
recognition for the pyrrolidine nitrogen, and the pyrrolidyl methyl group (Fig. 3A).31 Even
though mAb NIC6C12 was originally prepared for the purpose as a passive vaccine, the
conservation of the alkaloid nucleus during nicotine metabolism to nornicotine as well as
during nornicotine-mediated glycation proved fortuitous in that mAb NIC6C12 displayed good
affinity for both nornicotine and nornicotine-modified AGEs.31

Though nornicotine represents a minor metabolite of nicotine (~ 8% of peripherally
metabolized nicotine), its extended half-life of 8 h permits its accumulation in the serum of
smokers.32 Given this and the in vitro stability of experimentally-generated nornicotine
glycation products upon extended incubations (> 7 months), we hypothesized that nornicotine-
based AGEs would reach detectable levels in serum samples of smokers if the mechanism of
nornicotine-based glycation was operable in vivo. Plasma samples of smokers and nonsmokers
were assessed by ELISA with mAb NIC6C12, and gratifyingly, nornicotine-modified protein
levels were substantially elevated in the plasma of smokers.30

Whereas the formation of nornicotine-modified AGEs validated a hypothesis as to the
reactivity of amine-containing compounds, the biological significance of this chemical
prediction had yet to be realized. Thus, we embarked upon an investigation into the in vivo
ramifications of this nornicotine-mediated glycation. Specifically, the propensity of
nornicotine to target lysine during protein glycation and cross-linking resonated with the
current research on Alzheimer's disease (AD). Whereas initial investigations into the
therapeutic potential of nicotine were based on the upregulation of nicotinic acetylcholine
receptors (nAChR) to counteract the nAChR deficiency in the AD brain, alternative
mechanisms to explain the documented nicotine-derived protection from AD were still
considered.33 The formation of neurotoxic intraneuronal neurofibrillary tangles and amyloid
plaques have been shown to be directly proportional to the development of neurological
deficits, however the mechanism driving their formation is still debated.34 It follows that a
molecule able to prevent aberrant protein aggregation and more specifically avert the “amyloid-
initiated cascade” may substantially delay disease progression.35 Thus, to explore an
alternative explanation for the nicotine-mediated antagonism of Aβ-peptide toxicity, Salomon
et al. examined the effect of nicotine on the different conformations of Aβ-peptide in solution,
and concluded that nicotine blocked α-helix to β-sheet conversion through binding the histidine
residues of the α-helix.33 The Aβ-peptide normally interconverts between random coil,
monomeric α-helical, and oligomeric β-sheet structures, but a shift in this equilibrium toward
favoring the β-sheet structure was hypothesized to cause aggregation and precipitation of β-
sheet structures as amyloid. This process would then encourage further α-helix to β-sheet
conversion. Salomon et al. surmised that the N-CH3 and 5'CH2 pyrrolidine moieties of nicotine
mediated the interaction with the α-helix structure, implying that many of the major alkaloidic
metabolites of nicotine would behave similarly. This model was subsequently refuted when
NMR studies revealed that neither the α-helical nor the random coil conformations of Aβ-
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peptide were bound by nicotine to an appreciable extent, suggesting that nicotine might interact
with the small, soluble Aβ-sheet aggregates to attenuate amyloidosis.33

The folding of Aβ-pleated sheets, the structural building block of Aβ aggregates, relies on the
specific KLVFF amino acid sequence.36 The requirement of lysine in Aβ-peptide misfolding
provoked the hypothesis that nornicotine-based glycation could target lysine residues of Aβ in
a manner reminiscent of glycation.7,30 Through assays using thioflavin T staining of fibrils
and diffusion NMR experiments to monitor the progress of Aβ aggregation in incubations of
nornicotine, glucose, and either Aβ1–40 or Aβ12–28, we demonstrated that nornicotine is indeed
capable of covalently modifying exposed lysine residues such as the Lys-16 of amyloid
peptides and soluble Aβ aggregates, and that this modification blocks subsequent peptide
aggregation.37

Whereas AGE formation and protein cross-linking have previously been implicated in disease
pathologies, the hypothesis that exogenous molecules may participate in and even initiate
protein glycation with potentially detrimental effects represents an unexplored application of
glycation chemistry. Thus, we postulated that our initial research regarding nornicotine could
be extrapolated to other abused molecules containing a secondary amine.

METHAMPHETAMINE-BASED AGEs
Nicotine and methamphetamine (Fig. 1), two widely abused drugs joined in their high addictive
potential and reactive amine moiety, have well-known toxicity regardless of their ability to
mediate protein glycation. Upon exposure, methamphetamine spurs excessive release and
signaling of all monoamine neurotransmitters within the CNS through a variety of molecular
mechanisms.38,39 Acute methamphetamine binges produce diffuse neuronal damage which
compromises dopaminergic signaling, however, the ramifications of chronic, low dose
exposure and the processes through which methamphetamine causes damage to the
cardiovasculature and periphery are ambiguous.38,40,41 Of particular interest is how the long-
term pathological consequences of methamphetamine abuse mirror the cardiovascular
complications arising from AGE generation. Not only does the amine functionality of
methamphetamine permit its participation in the Maillard reaction (Scheme 3), but also its long
serum half-life (t1/2 = 12 h) in comparison to other psychostimulants and its frequent
administration by addicts support the hypothesis that methamphetamine-derived AGEs are
generated at experimentally detectable and pathologically relevant levels.

The AGEs formed in disease states such as macular degeneration and diabetes mellitus have
been linked to autoantibody titers against the glycated proteins, and indeed, the process of
attaching nonimmunogenic chemical moieties to a carrier protein is reminiscent of hapten
preparation in a research setting for vaccination.27,42 Before chronic methamphetamine abuse
could be linked to the appearance of AGE-related pathologies, the generation of
methamphetamine-modified AGEs in vivo was illustrated through the detection of a polyclonal
response against methamphetamine glycated serum albumin. Protein glycation by
methamphetamine was conducted in vitro through the incubation of methamphetamine with
glucose at physiological conditions, with the Amadori rearrangement product was detected
after 12 h by LC/MS. Addition of BSA to the starting reaction caused the methamphetamine-
derived albumin glycation products to form after two weeks, as assessed by ELISA and dot-
blot. Immunization of mice with experimentally-prepared methamphetamine-glycated mouse
serum albumin (MSA) elicited serum antibodies against methamphetamine-conjugated AGEs
(METH-AGEs) that were detectable via ELISA. To verify that this response was indeed
specific to the METH-AGEs and distinct from any potentially immunogenic effect of MSA-
AGE injected in mice, competition studies with MSA and MSA-AGE were employed to show
that serum antibodies failed to recognize these substrates. Furthermore, the polyclonal sera
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measurably bound METH-AGEs alone (Kd,app ~ 10 mM), suggesting that continued immune
system priming with methamphetamine and the sustained production of METH-AGE would
serve to augment the polyclonal response as well as initiate an immunoactivated or
inflammatory state.

To investigate the potential significance of these results with respect to methamphetamine
addiction in humans, a chronic schedule of methamphetamine self-administration was
implemented in a rat model.43,44 Two groups of methamphetamine-addicted rats were allowed
to self-administer methamphetamine for approximately 3 months in daily drug sessions lasting
either 1 h (short access rats: ShA) or 6 h (long access rats: LgA). Gratifyingly, the level of drug
intake by the different groups directly correlated with the serum antibody titers against
methamphetamine glycated proteins (Fig. 4). Moreover, comparison of ELISA signals between
LgA, ShA, and drug naïve (DN) sera samples showed that there was no statistically significant
difference in serum antibody binding to either serum albumin or methamphetamine-
unmodified glycated protein ELISA substrates. The methamphetamine dose-dependence and
relative specificity of the LgA and ShA serum antibodies confirmed that the polyclonal
response was attributable to methamphetamine self-administration and subsequent
methamphetamine-mediated glycation.

The magnitude of the polyclonal response measured in LgA and ShA rats is suggestive of the
in vivo significance of methamphetamine-mediated glycation. Namely, previous work into the
neuronal and behavioral repercussions of methamphetamine in rodent models have relied on
acute binge doses of drug, oftentimes experimenter-delivered, to evoke the measured
phenotype.40 Recently, such studies have attracted scrutiny as scientists have realized the value
of translational research in providing insight into the human condition.46 Our dosing regimen,
in which LgA rats administered an average drug dose of 7 mg/kg per 6-hour session over a
prolonged period of time, was designed to approximate the chronic abuse and level of
methamphetamine intake documented for human addicts.46 While the 6-h drug exposure
coupled with the half-life of methamphetamine in rats (t1/2 ≈ 1 h) translates to continual immune
challenge by methamphetamine relative to 1-h ShA sessions, the low methamphetamine intake
of ShA rats was still sufficient to elicit measurable antibody titers, a testament to both the
repercussions of more recreational methamphetamine abuse and the relevance of METH-AGE
immunogenicity.

IMMUNOMODULATION BY AGEs
Previous work has elucidated the immunosuppressive properties of methamphetamine, which
is consistent with many abused drugs, while research into the inflammation or
immunoactivation caused by methamphetamine focuses on microgliosis, blood-brain barrier
disruption, and neurotoxity from oxidative stress and inflammatory gene upregulation.47,48

We speculated that METH-AGE production would spur a constellation of effects including the
corresponding polyclonal response against METH-AGE, METH-AGE deposition on
vasculature, and receptor for AGE (RAGE) activation, and that these effects would induce
altered cytokine expression levels in the periphery. With respect to the latter effect, the receptor
for AGE (RAGE), a member of the immunoglobulin superfamily expressed on most cell types,
precipitates the expression of inflammatory and prothrombotic genes upon AGE ligation.26,
28 Whereas the impact of RAGE and inflammatory responses have been studied within the
context of the chronic vascular disease seen in other disease states (e.g., diabetes, Alzheimer's
disease, macular degeneration, nephropathy, retinopathy), this AGE-RAGE hypothesis of
immunomodulation and vascular disease has not been investigated as a causative factor of
human and nonhuman methamphetamine abuse pathologies.49,50

Treweek et al. Page 7

Acc Chem Res. Author manuscript; available in PMC 2010 November 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To attribute discrete physiological consequences to a chemical mechanism, namely
methamphetamine-mediated glycation, immunomodulation was assessed through measuring
the levels of several major cytokines and chemokines in sera from DN, ShA and LgA rats (Fig.
5).45 Both tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β), two major
proinflammatory cytokines that mediate macrophage activation and vascular permeance, were
increased above basal levels in LgA rats. In particular, the substantial fivefold elevation of
TNF-α aligns with its known roles in promoting antibody production as well as RAGE
expression.51 Methamphetamine self-administration resulted in the dose-dependent
upregulation of other cytokine molecules specifically related to AGE exposure. Most notably,
the level of vascular endothelial growth factor (VEGF) exhibited a two-fold increase in ShA
sera and a six-fold increase in LgA sera as compared to DN sera, an effect not previously
reported alongside methamphetamine abuse. VEGF, whose expression is stimulated by AGE
production, has been demonstrated to mediate many of the angiogenic activities of AGEs and
to play a major role in the development of diabetic retinopathy and nephropathy.52

In conjunction with the above major cytokines, the levels of several chemokines were also
altered, an indication of the magnitude of the proinflammatory response initiated by chronic
drug-taking behavior. This finding mirrors the release of MCP-1 upon AGE exposure and
RAGE activation.53 Other chemokines displayed a biphasic behavior with regard to drug dose,
a pattern already observed in the varying expression of several cytokines. In sum, the
fluctuation in both cytokine and chemokine levels was sensitive to the duration of
methamphetamine self-administration, akin to the variance in antibody titers.

CONCLUSION
Our research into the chemical reactivity of exogenous drug molecules highlights how the
formation of drug-glycated proteins in vivo becomes a marker of a developing disease
pathology. Whereas both endogenous and drug-modified AGEs have been shown to serve as
immunological epitopes in vivo, the accumulation of drug-modified AGEs gains additional
relevance to the chronic drug addict in its ability to vaccinate the addict against the unmodified
drug molecule.

Though the mechanism behind the pathogenesis of certain diseases observed in addicts is
undoubtedly multifaceted, the correlation between the generation of AGEs, the polyclonal
response to AGEs, and the development of a detectable pathology illustrates the value in turning
to chemistry for mechanistic explanations of biological phenomena. Despite potential kinetic
and thermodynamic hurdles to the formation of drug-AGEs such as drug availability and
conjugation of AGEs to long-lived proteins, there is strong evidence that drug-mediated
glycation processes are operable and relevant in vivo. Thus, future work will strive to clarify
the causative link between AGE formation and the downstream immunomodulatory and
pathological effects. A better understanding of the pharmacodynamics of protein glycation
when mediated by exogenous amine-containing compounds is necessary in order for this AGE
hypothesis to influence the therapeutic treatment of pathologies attributed to AGEs.
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Figure 1.
Structures of L-proline, nornicotine, dopamine, and (+)-methamphetamine.
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Scheme 1.
Enamine-based reaction cycle for the covalent catalysis of the aqueous aldol reaction by
nornicotine.
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Scheme 2.
Catalysis by nornicotine. The enamine mechanism is relevant to (A) the aqueous aldol reaction,
and (B) the Maillard reaction.
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Figure 2.
Advanced glycation end product formation. (A) Scheme of the Maillard reaction, depicted by
the reaction of glucose and a protein-derived amine, and (B) Structures of common advanced
glycation end products (AGEs), in which the ε-amino group of lysine serves as the protein-
derived amine.

Treweek et al. Page 15

Acc Chem Res. Author manuscript; available in PMC 2010 November 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
(A) Hapten used to elicit anti-nicotine mAbs. (B) Detection of nornicotine-modified proteins
using anti-nornicotine mAb NIC6C12 and nornicotine glycated protein. SDS/PAGE and
Western blots: (a) BSA (lane 1), BSA + nornicotine and glucose (lane 2), HSA (lane 3), HSA
+ nornicotine and glucose (lane 4). (b) HSA + nornicotine and glucose (lane 1), nonsmoker
plasma sample A (lanes 2-4; 2.5, 5.0, 10 mg/ml total protein concentration); nonsmoker plasma
sample B (lanes 5-7); smoker plasma sample C (lanes 8-10); smoker plasma sample D (lanes
11-13). Reproduced with permission from Proc. Natl. Acad. Sci. USA.30
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Scheme 3.
Methamphetamine protein glycation as initiated by methamphetamine and glucose.
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Figure 4.
Quantification of ELISA results for presence of auto-antibodies against methamphetamine-
glycated MSA in serum samples of rats self-administering methamphetamine. Bars represent
ratio of ELISA signal above negative control background. * p<0.05, ** p<0.0002, comparison
to drug naïve. Reproduced with permission from Proc. Natl. Acad. Sci. USA.45
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Figure 5.
Modulation of relevant cytokine and chemokine levels in response to methamphetamine intake.
Sera samples analyzed were obtained from ShA rats (grey) and LgA rats (black) self-
administering methamphetamine 1 h daily and 6 h daily, respectively, for a period 87 days.
Data is expressed as mean fold-increase over drug naïve levels ± SEM. * p<0.05, **
p<0.01, significance in change compared to drug naïve levels. † P<0.05, H0: LgA>ShA.
Reproduced with permission from Proc. Natl. Acad. Sci. USA.45
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