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ABSTRACT

Plant alkaloids are found in foods, beverages, and supplements consumed by ath-
letes for daily nutrition, performance enhancement, and immune function impro-
vement. This paper examined possible immunomodulatory roles of alkaloids in
exercise contexts, with a focus on human studies. Four representative groups
were scrutinized: (a) caffeine (guaranine, mateine); (b) theophylline and its iso-
mers, theobromine and paraxanthine; (c) ginger alkaloids including gingerols
and shogaol; and (d) ephedra alkaloids such as ephedrine and pseudoephedrine.
Emerging or prospective alkaloid sources (Goji berry, Noni berry, and bloo-
droot) were also considered. Human in vitro and in vivo studies on alkaloids and
immune function were often conflicting. Caffeine may be immunomodulatory in
vivo depending on subject characteristics, exercise characteristics, and immune
parameters measured. Caffeine may exhibit antioxidant capacities. Ginger may
exert in vivo anti-inflammatory effects in certain populations, but it is unclear
whether these effects are due to alkaloids or other biochemicals. Evidence for an
immunomodulatory role of alkaloids in energy drinks, cocoa, or ephedra produc-
ts in vivo is weak to nonexistent. For alkaloid sources derived from plants, varia-
bility in the reviewed studies may be due to the presence of unrecognized alka-
loids or non-alkaloid compounds (which may themselves be immunomodulatory),
and pre-experimental factors such as agricultural or manufacturing differences.
Athletes should not look to alkaloids or alkaloid-rich sources as a means of
improving immune function given their inconsistent activities, safety concerns,
and lack of commercial regulation.
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FOREWORD

Many beverages, foods, and supplements consumed by athletes as
ergogenic aids or health enhancers contain alkaloids (25, 38, 107). Alkaloids are
simplistically characterized as nitrogen-based basic molecules, typically contain-
ing one heterocyclic ring, and originating from botanical or fungal sources.
Examples include caffeine, morphine, and nicotine. Molecules such as adrenaline
(epinephrine) and 5-hydroxytryptamine (serotonin) fit the structural definition of
alkaloids, but are not considered members because they are produced only by ani-
mals; some amino acids and nucleic acids also technically fit the chemical
description but are excluded based on historical conventions.

Several alkaloids have documented or purported immunomodulatory effects
in humans (35, 57, 64, 131). For athletes experiencing immunodepression conse-
quent to their intense training regimens (45, 49, 128), alkaloid-containing supple-
ments may be an appealing nutritional countermeasure. Rather than encyclopedi-
cally canvass all known alkaloids consumed by athletes, this review will instead
focus on the evidence supporting (or refuting) claims of immunomodulation from
four representative alkaloids or alkaloid sources (Figure 1): caffeine (including
pure and plant sources, such as guarana, mate, and tea); theophylline, including
its isomers theobromine and paraxanthine (from cocoa); ephedrine and pseu-
doephedrine (from ephedra); and gingerols, shogaols, and paradols (from ginger).
These four groups are diverse in their efficacy, safety, indicated uses, botanical
origins, nutritional sources, current usage patterns, and current knowledge bases.
After reviewing these four groups, some emerging or prospective alkaloid-rich
herbs are discussed, together with the need for an interdisciplinary approach
when studying alkaloids and athlete immune function.

To identify literature appropriate to the review, searches were conducted in
both PubMed and Google Scholar from late July-early September 2013 as illus-
trated in Figure 2. All possible combinations were searched, resulting in a total of
220 unique permutations (or 440 independent searches since two databases were
utilized). To further limit the scope of the review, only studies that were written in
English, published in peer-reviewed journals or books, and pertaining to human
data or a review of human data were considered for inclusion. Resulting hits were
screened manually for relevance to the topic of alkaloids and athlete immune
function; thus, papers pertaining to ergogenic benefits, cross-reactions with other
substances, and doping regulations were generally omitted. Other sources may be
consulted for a broad overview of performance-enhancing substances (4, 36),
specific herbs used by athletes (25) and in athlete immune function (108), or
molecular aspects of immunomodulatory herbs used by athletes (105).

CAFFEINE

Caffeine (Figure 1) is a methylxanthine alkaloid that can be ingested in pill
or supplement form, or as a component of beverages including those that con-
sumers readily associate with plants (Table 1), energy drinks, or soft drinks
(Table 2). Guaranine and mateine are the same molecule as caffeine, named
after the plant taxa from which they were originally isolated (Table 1). Caffeine is
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Figure 1. Representative alkaloids discussed in this review: caffeine (1); bloodroot alkaloids
including sanguinarine (2) and chelerythrine (3); coca alkaloids including theobromine (4)
and its congeners theophylline (5) and paraxanthine (6); ephedra alkaloids including

ephedrine (7) and its congeners pseudoephedrine (8) and methylephedrine (9); and ginger
alkaloids including [6]-gingerol (10) and its congeners [6]-shogaol (11) and [6]-paradol (12).

a central nervous stimulant and modulator of cardiovascular function (4). It may
improve endurance performance for athletes such as adult runners at moderate
doses ranging such as 2-3 mg/kg body weight (115). In human (15, 114) and
mouse (60) models, the effects of caffeine are greater when abstinence from caf-
feine occurs at least 7 days prior to dosing, or in non-users.

A comprehensive review of the immunomodulatory effects of caffeine was
published in 2006 by Horrigan et al. (57). The authors determined that studies
employing in vitro concentrations of <100 uM were relevant to in vivo human
contexts. Human in vitro data suggested that caffeine:

 increased or had no effect on free radical production by neutrophils at

physiological doses from 10-100 pM, contingent on cell pretreatment
(116, 117);
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Physical Activity Immune Variable Alkaloid Source

eAthlete *Antibody eAlkaloid
sExercise *Cytokine *Caffeine
eImmune *Camellia
eLeukocyte *Chocolate
eLymphocyte *Coffee
*Ephedra
eEphedrine
*Ginger
*Gingerol
eGuarana
eGuaranine

*Methylephedrine
eParaxanthine

e Paullinia
*Phenylpropanolamine
*Pseudoephedrine
*Shogaol

eTea

eTheobroma
eTheobromine
eTheophylline
*Zingiber

Figure 2. Search strings used in this review. A search string consisted of three terms, one
representing physical activity (column 1), another representing an immune variable (column
2), and the third representing an alkaloid source or name (column 3). All possible combina-
tions of terms from each column were used in the searches. One example search string
(athlete + lymphocyte + Theobroma) is indicated by the arrows.

* reduced peripheral blood mononuclear cell (PBMC) proliferation at
physiological concentrations of 25-100 uM (103);
* reduced whole blood production of tumour necrosis factor (TNF) and
interleukin (IL)-10 at borderline physiological levels (100 uM or 200
pg/mL, with no effects at lower doses) and had no effect on IL-1p or IL-
12 (43, 56, 81).
Horrigan et al. (57) concluded that caffeine exerts an anti-inflammatory pattern in
humans, and that the presence or absence of effects on some immune parameters
may be a function of dosing differences. With the exception of one study by Bish-
op et al. (16), all human data in the 2006 review were from in vitro studies and
consequently did not address possible immunomodulatory roles of caffeine in
exercise or sport contexts.

Since that review, many in vivo studies have deepened our understanding of
the immunomodulatory effects of caffeine in humans, and several have been con-
ducted in athletic contexts. Those that examined possible effects of caffeine
administered in “pure” form (either as capsules or dissolved in beverages) in
exercise studies are summarized in Table 3. [Table 3 shows only post-exercise
differences between caffeine-treated versus placebo groups, and does not indicate
what effects exercise had independently of treatment. This convention will be fol-
lowed for all subsequent tables]. Subjects given caffeine prior to exercise general-
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Table 1. Common plant sources of caffeine in human nutrition. *Formerly Sterculiaceae.

Chocolate Theobroma cacao L. Malvaceae* Caffeine
Coffee Coffea spp. L. Rubiaceae Caffeine
Guarana Paullinia cupana Kunth Sapindaceae Guaranine
Kola Cola spp. Schott & Endl. Malvaceae Caffeine
Mate, Yerba  llex paraguariensis A. St. Hil.  Aquifoliaceae Mateine
Tea Camellia sinensis (L.) Kuntze  Theaceae Caffeine

Table 2. Caffeine content from a representative sample of energy drinks from central
lowa on September 12, 2013. Representative soft drinks and sports drinks are shown for
comparison. Note differences in serving sizes across beverages; more than one serving
may be included in a container. Though not included in the Table, chocolate milk or other
cocoa-flavoured beverages contain trace amounts of caffeine from the cocoa, typically <10
mg/serving (112), plus other alkaloids such as theobromine. Some beverages contained
additional alkaloid sources: ED1, ED3, ED6, ED9, and ED10 contained ginseng and
guarana; ED4 contained guarana; and ED2 contained acacia.

Beverage Serving Calories Caffeine
Size (mL) (kcal) (mg/serving)

ENERGY DRINKS

ED1 240 110 71

ED2 473 220 160

ED3 240 110 80

ED4 473 200 260

ED5 240 110 77

ED6 240 140 160

ED7 240 120 142

ED8 250 130 80

ED9 473 50 160

ED10 237 0 104

SOFT DRINKS

SO1 855) 140 34

S02 355 170 54

S03 855) 150 38

SPORTS DRINKS

SP1 885 80 0

SP2 360 0 0

ly exhibited unchanged or increased circulating leukocytes and lymphocytes (or
specific subpopulations) post-exercise, compared to exercised but placebo-treated
controls, with the exception of T-cells. Post-exercise natural killer (NK) cell acti-
vation, neutrophil activity, and plasma IL-6 and IL-10 were normally increased in
caffeine-treated compared to placebo-treated subjects. Few of the outcomes from
Table 3 are directly comparable to the in vitro data reviewed by Horrigan et al.
(57), but the findings of increased neutrophil activity in response to caffeine stim-
ulation is congruent, whilst the findings on IL-10 production are opposing.

EIR 20 2014



Alkaloids and athlete immune function e 73

Several of the studies in Table 3 that were conducted by Bishop and col-
leagues also included plasma catecholamine measurements and reported that caf-
feine augmented adrenaline (epinephrine) levels (16, 17, 42, 125-127), but not
noradrenaline (norepinephrine) levels (42). Separately, Laurent and colleagues
(65) reported that highly-trained males given 6 mg/kg caffeine 90 minutes prior to
120 minutes of cycling at 65% VO,max demonstrated increased post-exercise
plasma adrenaline, cortisol, and B-endorphin levels compared to placebo-treated
controls. These findings together indicate that caffeine increases sympathetic
nervous system activity via the hypothalamo-pituitary-adrenocortical (HPA) axis
(92). The consequences of the interactions between caffeine, the HPA axis and its
products, and the immune system are beyond the scope of this review but have
been discussed elsewhere (42).

Studies that examined the immunomodulatory effects of beverages or sup-
plements containing caffeine (alongside other possibly immunomodulatory ingre-
dients) in exercise contexts are presented in Table 4. Several factors make it diffi-
cult to compare the results of Table 3 to Table 4 effectively. These include: differ-
ences in outcomes reported; relatively low number of studies in Table 4 versus
Table 3; use of both trained and untrained subjects in Table 4 versus solely
trained subjects in Table 3; chronic dosing in all Table 4 studies versus acute dos-
ing in all Table 3 studies; lower caffeine dose to body weight ratio in Table 4
studies (where reported) compared to Table 3 studies (expounded below); and the
fact that the studies from Table 4 utilized preparations with other potentially
immunomodulatory compounds besides caffeine.

As represented in Table 4, many of the beverages, foods, or supplements
consumed by athletes for their caffeine content frequently contain other non-caf-
feine and/or non-alkaloid immunomodulatory compounds. Understanding how
these compounds modulate athlete immune function relative to caffeine or other
alkaloids (independently, additively, synergistically, and so forth) is problematic
yet important. These immunomodulatory compounds often come from plant
sources.

Tea (Camellia sinensis) serves as a good model for examining this dilemma
because it contains caffeine plus other non-alkaloid bioactive phytochemicals,
including its relatively well-studied flavonoid subclasses. One flavonoid subclass
present in tea is the flavanols, represented by catechins and epicatechins (often
referred to simply as polyphenols, or procyanidins or tannins if they are oligomer-
ized; epigallocatechin-3-gallate [EGCG] is the most abundant). Plasma or in vitro
concentrations of <10 pM flavanols are considered physiologically relevant (84,
134), and leukocytes treated with flavanols at these concentrations exhibit anti-
inflammatory, antioxidant, or T-cell-modulating effects (12, 30, 134). The cardio-
vascular benefits of tea consumption have been linked to these phenomena (133).
If green tea leaves are processed into black or oolong tea, the green tea catechins
oxidize and dimerize into theaflavins; theaflavins maintain similar antioxidant
properties as catechins (67). A second flavonoid subclass present in tea is the
flavonols (with an “0” instead of an “a”). The flavonol quercetin has anti-inflam-
matory and antioxidant effects in vivo that can sometimes offset the deleterious
effects of exercise depending on context (74, 87, 88). Plasma or in vitro concen-
trations ranging from 0.5-1.5 uM are considered physiologically relevant and
may be seen in as little as one dietary dose of quercetin, though even higher levels
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Table 3. Inmunomodulatory effects of pure caffeine in exercise contexts. *Cells were
additionally stimulated in vitro with antigen (Pediacel vaccine).

Subjects

Caffeine Dose

Exercise

Immunological Outcomes in
Caffeine-Treated Subjects
compared to Placebo-Treated

Controls

Bassini- 22 3 soccer 5 mg/kg acute 45-min of variable 7 circulating lymphocytes and
Cameron etal.  athletes dose pre- distance running + monocytes; T circulating segmented
(13) exercise intermittent recovery  neutrophils (only when combined with
test exercise)
Bishop et al. 8 6 mg/kg acute 90-min cycling at { total numbers of circulating CD4 and
(16) endurance-  dose pre- 70% VOzmax CD8 T-cells, but T in CD4 and CD8 T-
trained & exercise cell activation (based on T CD69
expression)
Bishop et al. 1 6 mg/kg acute 90-min cycling at 1 slgA concentrations and secretion
17) endurance- dose pre- 70% VOzmax rates
trained & exercise
Fletcher & 12 2 or 6 mg/kg 90-min cycling at T NK cell activation; T circulating NK
Bishop (40)* endurance- acute dose pre-  70% VOz;max cells (high dose only)
trained & exercise
cyclists
Fletcher & 15 healthy & 6 mg/kg acute 6 15-min bouts of T NK cell activation (1x bolus only); T
Bishop (41)* dose pre- intermittent shuttle circulating NK cells
exercise (in 1x running
or 3x boluses)
Fletcher & 9 6 mg/kg acute 90-min cycling at 1 CD4 and CD8 T-cell activation; T NK
Bishop (42)* endurance- dose pre- 70% VOomax cell activation
trained & exercise
cyclists
Machado etal. 20 soccer 4.5 mg/kg acute 6 sets of 10 sprints No differences in circulating
(71) athletes dose pre- (with active leukocytes, lymphocytes, basophils,
exercise recovery) eosinophils, monocytes, neutrophils
Machado etal. 15 4 soccer 4.5 mg/kg acute 3 sets of 10 No differences in circulating
(72) athletes dose pre- repetitions at 10-RM  leukocytes, lymphocytes, eosinophils,
exercise of bench press, monocytes, neutrophils
pullover, biceps curl,
triceps extension,
leg extension, prone
leg curl
Mahdavi et al. 26 Q 5 mg/kg acute Single 30-second No differences in circulating
(73) basketball dose pre- Wingate test leukocytes, lymphocytes, granulocytes
athletes exercise
Pereira et al. 15 soccer 5.5 mg/kg acute 12 10-sprint sets No differences in circulating
(94) athletes dose pre- leukocytes, lymphocytes, neutrophils
exercise
Tauler et al. 33 running- 6 mg/kg acute 15-km competitive 1 circulating leukocytes and
(118) trained & dose pre- run neutrophils; T plasma IL-6 and IL-10; T
exercise plasma antioxidants
Vimercatti etal. 15 trained & 4.50r5.5 mg/kg 60-min treadmill No differences in circulating leukocytes
(123) acute dose pre-  running at 65%
exercise VOzmax
Walker et al. 19 trained & 6 mg/kg acute 90-min cycling at 1 circulating lymphocytes; T post-
(125) cyclists dose pre- 70% VOomax exercise fMLP-stimulated response in
exercise neutrophils; no effect on PMA-
stimulated neutrophil oxidative burst
Walker et al. 9 trained &' 6 mg/kg acute 90 min cycling at { circulating lymphocytes; no
(126) cyclists dose pre- 70% VOzmax + time  differences in circulating leukocytes or
exercise trial equivalent to 30-  neutrophils; no differences in post-
min cycling at 70% exercise fMLP-stimulated response in
VOzmax neutrophils
Walker et al. 12 trained 4 6 mg/kg acute 120-min cycling at 1 post-exercise fMLP-stimulated
(127) cyclists dose pre- 65% VO,max response in neutrophils; T IL-6
exercise +/- immediately post-exercise; variable
carbohydrate effects on circulating leukocytes,
drink lymphocytes, and neutrophils

contingent on whether carbohydrate
drink was co-ingested
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Table 4. Immunomodulatory effects of caffeine-containing commercial beverages or
supplements in exercise contexts. No sources examining the effects of coffee in the con-
text of athlete immune function were retrieved by the search stratagem, though coffee is an
obvious source of nutritional caffeine. Plasma protein carbonyls are indicators of oxidative

burden. * EC = epicatechin; EGC = epigallocatechin, EGCG = epigallocatechin gallate.

Subjects

Caffeine Source

Exercise

Immunological Outcomes
in Caffeine-Treated

Subjects compared to
Placebo-Treated Controls

Arentetal. (6) 18 weight-

trained &

40% theaflavins and 30%
catechins (total polyphenols
exceeding 95%) for 9 days;
caffeine content not specified

2 x 30-second
Wingate test + 8
10-second cycling
intervals

Black tea extract containing

No differences in plasma
IL-6

Hismiogullari 10
et al. (54) moderately
active &

1 energy drink prior in between
the first and secondn exercise
bouts 150 mg caffeine, 80 mg
taurine, 11 g carbohydrate,
other ingredients

3 sets of 50
maximal knee
contractions on an
isokinetic
dynamometer

7 circulating basophils; no
differences in circulating
leukocytes, lymphocytes,
eosinophils, monocytes,
and neutrophils

Lockwood et 36

1 energy drink/day containing

10 weeks of cross-

 circulating monocytes

al. (69) sedentary 200 mg caffeine /serving and training (only in non-exercising
including ginger, green tea, supplement-treatment
and guarana for 10 weeks group; values within normal
reference ranges)
Narotzki etal. 22 obese 3 servings of brewed green tea 12 weeks of 30-min | plasma protein carbonyls;
(85) elderly (1.5 g tea/sachet) + 1 vitamin walking 6x per no differences in CRP
(134, 99) E capsule/day for 12 weeks; week
caffeine content not specified
Nieman etal. 31 trained 40 g/day of a green tea- 3 consecutive days  No differences in leukocyte
(86) individuals blueberry polyphenol soy of 150-min running  counts, plasma protein
(184, 13%)  protein complex (PSPC) at 70% VO.max; carbonyls, or plasma CRP,
containing 344 mg caffeine exercise started at IL-6, IL-8, and MCP-1
and 1001 mg flavanols (79% Day 14 of
being EC, EGC, and EGCG)* supplementation

for 17 days

may be common in some sites including the gut (31, 55, 135). Beyond the
flavonoids, other compounds in tea also exert immunomodulatory effects. Thea-
nine is an amino acid found in green tea which is a precursor for glutamate. Glu-
tamate is one of the three amino acid components of glutathione (GSH; the other
two being cysteine and glycine), important for maintaining antioxidant status.
Cystine-theanine supplementation (700 mg cystine +280 mg theanine) has been
shown to reduce exercise-induced changes in plasma C-reactive protein (CRP),
circulating leukocytes and neutrophils, and NK cell activity, but not plasma IL-6
or IL-8 levels (62, 82, 83).

Several other plant sources are included in energy or sports drinks for their
caffeine content. Guarana (Paullinia cupana) seeds contain higher caffeine levels
than coffee leaves, in addition to the alkaloid theobromine (discussed below) and
non-alkaloid flavanols (discussed above) (18, 98). Yerba mate (Ilex paraguarien-
sis) is also valued for its caffeine content and includes different flavonoids,
chlorogenic acid and associated derivatives, and triterpene saponins, some of
which may possess antioxidant capacities (5, 20). Ginseng (Panax ginseng C. A.
Meyer and sister species; Araliaceae) is another common ingredient in energy
drinks: it contains the alkaloids ginsenine and various manifestations of carbali-
ne, but is better known for its bioactive non-alkaloid ginsenosides. A thorough
discussion of ginseng and athlete immune function may be found elsewhere
(105). Thus, for caffeine-containing beverages that derive their caffeine partially
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Table 5. Immunomodulatory effects of cocoa supplements in exercise contexts. F»-
isoprsotanes are a marker of oxidative stress. *Twenty males were included in the total
study, but only ten exercised.

Study Subjects Chocolate Treatment Exercise Immunological Outcomes
in Cocoa-Treated

Subjects compared to
Placebo-Treated Controls

Aligrove et 20 healthy & 40 g dark chocolate bar (41.6 mg 90-min cycling | plasma Fo-isoprostanes;
al. (3) caffeine, 267 mg theobromine, 15.6  at 60% no differences in plasma IL-
mg catechin, 38.7 mg epicatechin, VO.max plus 1Ra, IL-6, and IL-10
and 44.4 mg other polyphenols) 30-seconds of
twice daily for 2 weeks + an acute cycling at 90%
dose 2 hours pre-exercise VO,max every
10 min
Davison et 14 healthy & 100 g dark chocolate bar (668 mg 150-min T antioxidant status; no
al. (33) theobromine, 104 mg caffeine, 97 cycling at 60%  differences in plasma IL-6,
mg epicatechin, 39 mg catechin) VOzmax leukocytosis, neutrophilia,
pre-exercise or neutrophil degranulation
Macdonald 21 rowers 1 chocolate-flavoured “meal 90-min rowing | plasma IL-6 in the cocoa
etal. (70) (10 4, 119) replacement beverage” or 1 at 60-70% beverage trials post-
chocolate-flavoured milk beverage =~ VO,max with < exercise and {{ plasma IL-
compared to 2 other beverages 5 5-min 6 in the chocolate milk trials
post-exercise; alkaloid contentnot increased pace  6-hours post-exercise
stated bouts
McBrier et 7 recreationally 330 mL of a “cocoa-based protein 30-min run at No differences in plasma
al. (78) active & drink” post-exercise; alkaloid 75% HRmax IL-6, IL-8, or CRP
(anaerobically  content not stated (10% downhill
trained) grade)
Singh et 16 healthy & 7 days of “enriched cocoa 60-min cycling  No differences in circulating
al. (113) (8 trained, 8 polyphenol supplements” (no other  at 70% platelets or platelet
untrained) details provided) pre-exercise VO,max activation
Wiswedel 10 sedentary 100 mL of either “high” (187 mg) or ~ 10-min cycling | plasma Fa-isoprostanes
etal. (132) 3* “low” (14 mg) flavanols and at 100%
procyanidins cocoa drink pre- HRmax after
exercise; alkaloid content not warm-up
stated

or fully from plant sources, it is impossible to ascertain which immunomodulato-
ry effects are due to caffeine, other alkaloids, or non-alkaloid components.
Regarding cognitive or ergogenic benefits ascribed to energy drinks, McLellan
and Lieberman concluded that caffeine and possibly guarana (essentially another
source of caffeine), but not other alkaloid ingredients within the beverages, were
responsible for observed effects (79).

The average dose of caffeine in the studies from Table 3 was 5.3 mg/kg
body mass. Assuming a 75-kg athlete, the average dose of caffeine in the studies
from Table 4 (where disclosed) was 3.1 mg/kg body mass. The average dose of
caffeine in the Table 2 commercial energy drinks was 1.7 mg/kg body mass if
athletes consumed only the serving size; however, six of the energy drinks in
Table 2 contain two servings per can, so if the athlete consumes the entire can
then the average dose of caffeine from Table 2 becomes 2.6 mg/kg body mass.
Stated another way, an athlete consuming one energy drink from Table 2 is only
ingesting half the caffeine that subjects in the studies from Table 3 consumed;
however, this calculation does not necessarily account for total alkaloid content
nor does it consider possibly physiologically relevant synergistic effects between
caffeine and other ingredients (46, 53).

Altogether, the data from Table 3 suggest caffeine is often immunoneutral
but may be immunomodulatory (most frequently immunostimulatory) when con-
sumed as a stand-alone supplement by trained individuals. The data from Table 4

EIR 20 2014



Alkaloids and athlete immune function e 77

suggest caffeine-containing supplements may be immunoneutral but may
improve antioxidant capacity in exercise contexts; however, the precise role of
caffeine versus other alkaloids versus non-alkaloid compounds in such prepara-
tions on in vivo immunomodulation is essentially uncharted territory.

THEOPHYLLINE AND ITS ISOMERS

Theophylline and its isomers theobromine and paraxanthine (Figure 1)
are all alkaloids originally characterized from cocoa (Theobroma cacao) but sub-
sequently found in many other plants like kola and tea. Moreover, they are the
natural metabolites of caffeine in the human body (7). Chocolate and cocoa
(referred together as “cocoa” hereafter) are the main sources of these alkaloids for
athletes, yet cocoa beverages and foods contain other naturally-occurring phyto-
chemicals (61) including caffeine and non-alkaloid compounds such as flavanols
(catechin, epicatechin and proanthocyanidins—discussed previously), flavonols
(quercetin—discussed previously), plus other nonflavonoids like chlorogenic acid
and its derivatives. Reviews of the immunomodulatory and cardioprotective
effects of cocoa in non-exercise contexts have been published elsewhere (8, 24,
37, 48).

Studies investigating the immunomodulatory effects of cocoa in exercise
contexts are presented in Table 5. No conclusions can be drawn about the effects
of cocoa alkaloids on athlete immune function because alkaloid composition was
only reported in two studies from Table 5 and was never correlated to immune
variables. Though athletes in both studies ingested therapeutically efficacious
concentrations of theobromine, those in the Davison et al. study (33) ingested
only a single pre-exercise bolus while those in the Allgrove et al. study (3) were
treated for two weeks. Davison et al. (33) also looked at neuroendocrine corre-
lates but found no association between cocoa treatment and HPA stress hormones
including cortisol and adrenocorticotropic hormone (ACTH). Apart from Table 5,
no additional studies were found testing isolated theophylline or its congeners on
athlete immune function.

Since Table 5 has few studies to draw conclusions from, the literature on in
vitro effects or in vivo non-exercise studies of theophylline and its congeners on
human leukocytes may shed some light on these compounds’ possible
immunomodulatory roles. Plasma theophylline levels of 10-20 pg/mL or 55-110
UM are considered therapeutically relevant, though recent recommendations have
suggested a narrower range of 10-15 pg/mL to avoid side effects (35, 90, 136). In
human monocytes or cultured macrophages, in vitro theophylline treatment:

+ at 1.8pg/mL inhibited monocyte — dendritic cell maturation (137);

* at 2.5-20 pg/mL reduced IL-13 mRNA expression in a dose-dependent

manner (136);
* at 5-20 pg/mL reduced free radical production in monocytes by inhibit-
ing phosphodiesterases (27);
* and at 30-50 uM reduced production of IL-6 and TNF even in the pres-
ence of sambutol (an IL-6 inducer) (35).
In human eosinophils, 18 pg/mL in vitro theophylline treatment increased peroxi-
some proliferator-activated receptor-y (PPARy) mRNA and protein levels (120).
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Table 6. Inmunomodulatory effects of ginger supplements in exercise contexts. *Thir-
ty-two males were included in the study, but only 16 exercised and only 8 of those 16
received ginger supplement plus exercise. TThe raw ginger contained 8.2 mg 6-gingerol, 1.3
mg 8-gingerol, 1.9 mg 10-gingerol, 2.2 mg 6-shogaol. The heated ginger contained 2.8 mg
6-gingerol, 1.0 mg 8-gingerol, 1.6 mg 10-gingerol, 2.6 mg 6-shogaol. §Sixty women enrolled
in the study, but 20 were given a cinnamon supplement and are not considered here; 49
completed the study, but it is unclear what the final numbers per group were.

Subjects Ginger Treatment  Exercise Immunological Outcomes
in Ginger-Treated

Subjects compared to
Placebo-Treated Controls

Atashak et al. 16 obese, 4 250-mg ginger Progressive resistance 1 plasma CRP
9) sedentary J* root capsules/day training program including

for 10 weeks; chest press, leg press,

alkaloid content not lateral pulldown,

stated triceps pushdown, knee

extension, seated row,
bicep curl, and abdominal
curl

Ayazetal. (11) 20 obese ¢ 4 750-mg ginger 40-80 min water aerobics | plasma CRP and IL-6
with breast root capsules/day (individualized per
cancer for 6 weeks; subject) 4 days/week for 6
alkaloid content not  weeks
stated
Black et al. 74 individuals 2 graw ginger’ or 18 eccentric contractions No differences in plasma
(19) (73% Q) 2 g heated ginger’ of the elbow flexors prostaglandin E;
for 11 days
Mashhadi etal. 40 athletic ¢° 3 g ginger Acute bout of resistance No differences in plasma
(75) powder/day for 8 training exercises (specific  IL-6
weeks; alkaloid to the sport of each

content not stated subject)

Finally, in human leukocytes in vitro treatment with 5 uM theophylline reduced
production of the leukotrienes B, and C,4 (111). Regarding in vivo effects, chronic
obstructive pulmonary disease (COPD) patients treated with 400 mg/d theo-
phylline (which should correspond to plasma theophylline levels of ~10-15
pg/mL) demonstrated reduced sputum levels of IL-8, TNF, and neutrophils (58).
In COPD patients treated with standard steroid therapy or standard steroid thera-
py plus low-dose theophylline (200 mg/d), patients in the latter group had greater
declines in plasma TNF and IL-8 than the former (32). Thus, non-exercise in vitro
and in vivo studies both show efficacy of theophylline as an immunomodulator at
therapeutic or even subtherapeutic concentrations.

GINGEROLS AND CONGENERS

The major category of alkaloids from ginger (Zingiber officinale Roscoe;
Zingiberaceae) are the gingerols, a series of chemical homologues (Figure 1)
important in both flavouring and bioactivity, and structurally analogous to cap-
saicin (110). When ginger is dried, these compounds are dehydrated to shogaols.
Paradols are also present, though in more minor quantities. Ginger supplements
are indicated for various conditions including cardiovascular diseases, diabetes,
and gut disorders (23, 76) because of anti-inflammatory, antioxidant, antimicro-
bial properties ascribed to their alkaloids. Ginger has also been suggested for pain
management, though this application remains unproven (119). Volatiles, includ-
ing mono- and sesquiterpenes, are also important co-occurring chemicals (23).

EIR 20 2014



Alkaloids and athlete immune function e 79

Anti-inflammatory effects have been shown in human in vifro studies, as
reviewed elsewhere (28).

Although no plasma thresholds have been declared as therapeutic standards,
some studies have looked as plasma responses to ginger supplementation in
humans. After human subjects were given a single oral bolus of 2 g ginger sup-
plement containing ~135 mg gingerols and related congeners, peak plasma con-
centrations of free gingerol (9.5 ng/mL) and free shogaol (13.6 ng/mL) were
observed 1 hour post-consumption, with peak concentrations of numerous
metabolites also observed at that time (138). Separately, Zick et al. (139) dosed
human subjects with anywhere from 100 mg-2g standardized ginger supplement
(containing ~98.4 mg gingerol and related congeners per 2 g ginger). They found
no free plasma gingerols or shogoals; however, peak metabolites of these com-
pounds were observed between 45-120 minutes, with peak concentrations of gin-
gerol metabolites at 0.5-1.7 ng/mL and shogaol metabolites at 0.2 ng/mL. From
these limited findings, it appears that plasma concentrations of gingerols or relat-
ed congeners peak 1-2 hours post-supplementation and can vary markedly.

Studies that examined the immunomodulatory effects of ginger supplemen-
tation in exercise contexts are shown in Table 6. Atashak et al. and Avaz et al.
showed reduced plasma CRP and/or IL-6 (9, 11), whereas Black et al. and Mash-
hadi et al. showed no effect of ginger supplementation on IL-6 or PGE; (19, 75).
Across Table 6, subjects were diverse in terms of sex and fitness levels. Subjects
in the first two studies were clinically obese whereas subjects in the latter two
studies were not, possibly suggesting that any anti-inflammatory effects of ginger
may only be manifested in overweight individuals. Whether these effects are due
to gingerols, paradols, shogaols, their congeners, or other compounds remains to
be ascertained. Given the lack of data from humans, it is interesting to note that
both in vitro and in vivo rodent models also show anti-inflammatory effects from
ginger supplementation, as reviewed elsewhere (66). For example, at concentra-
tions of 5-50 uM, gingerols block NF-kB and MAPK activation, c-Jun N-terminal
kinase (JNK) phosphorylation, and TNF-a expression in in vitro or mouse skin
models (59, 63).

EPHEDRINE AND CONGENERS

Ephedrine and pseudoephedrine (Figure 1) are stereoisomers first isolated
from Ma Huang or the ephedra plant (Ephedra sinica Stapf.; Ephedraceae [for-
merly Gnetaceae]) of traditional Chinese medicine (TCM) (80), but are found in
all members of the genus including the North American species Mormon tea
(Ephedra viridis Coville). Methylephedrine and other congeners are structurally
similar and also naturally-occurring in this genus, whereas phenylpropanolami-
ne is a synthetic analogue of ephedrine. These compounds are described as sym-
pathomimetic alkaloids because their in vivo actions are similar to amphetamine
and include tachycardia, hypertension, and smooth muscle relaxation (hence their
application in cough syrups, decongestants, and weight loss products) (89). Nor-
mal human plasma concentrations after one or a couple doses of ephedra extract
range from 80-400 ng/mL, with lower concentrations being more common (52,
101, 130). Other alkaloids present in ephedra include caffeine, theobromine, and
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theophylline (discussed earlier). Ephedrine and ephedrine-like alkaloids act syn-
ergistically when combined with drugs such as aspirin (129) or other alkaloids
such as caffeine (51), as is often the case in energy drinks. Additional ephedra
phytochemicals may exert immunomodulatory activities—for example, carbohy-
drates from the plant may dose-dependently inhibit complement components C2
and C9 in human sera (68).

There are no in vivo studies of the effects of these compounds on athlete
immune function. Human in vitro studies are ample and may provide some
insight on possible effects. In a study by Wilasrusmee et al. (131), PBMC stimu-
lated in vitro with an aqueous extract of Ephedra sinica dried powder (ephedrine
quantity not provided) showed no differences in cellular proliferation, IL-2 pro-
duction, or IL-10 production compared to controls. In a separate study by Attard
and Vella (10), human PBMC were stimulated in vitro with pure ephedrine across
ten-fold dilutions ranging from 0.69-69 pg/mL ephedrine or aqueous-benzene
extracts from different Ephedra fragilis aerial parts standardized to 69 pg/mL
ephedrine content. PBMC proliferation increased, but not significantly. A com-
parison of these results to rodent models has been given elsewhere (107). Regard-
ing isolated compounds, Fiebich et al. (39) demonstrated that when Jurkat T-cells
were treated with pseudoephedrine in vitro at doses ranging from 1-5 mM, the
following were diminished: transcriptional activity of NFAT, NF-xB, and AP-1;
c-Jun activation; and TNF and IL-2 gene transcription. In a study by Watson et al.
(129), ephedrine and phenylpropanolamine (both at 50 umol/L, administered
independently) inhibited platelet aggregation when administered in vitro to
human platelet-rich plasma. Given the absence of data, little can be concluded
about the effects of ephedra alkaloids on athlete immune function. Limited
research suggests they may have anti-inflammatory effects, but this needs to be
demonstrated convincingly in vivo.

EMERGING ALKALOID SOURCES

This review has so far considered only those alkaloids or alkaloid-rich
plants that are appreciably consumed by athletes. Several other plants, either
obscure or only recently surging in popularity, also contain alkaloids that may be
therapeutic immunomodulators relevant to athletes.

Noni berry (Morinda citrifolia L.; Rubiaceae) is escalating in popularity
among Western athletes, though it has long been used by Polynesians. One of its
primary bioactive compounds is the alkaloid xeronine. Reviews have concluded
that noni berry has immunomodulatory (e.g., cytokine- and cannabinoid receptor-
modulating) activities in mice (91) and marginal anticancer properties (21),
though the molecules responsible for the latter (possibly alkaloids) are yet to be
determined. Noni berry presents a diverse array of phytochemicals including
alkaloids, other flavonoids, phenylpropanoids, and triterpenoids (93). Much work
remains to determine the bioactive role of noni berry alkaloids (50), or whether
noni might be efficacious for bolstering athlete immune function.

Goji berry or wolftberry (Lycium barbarum L. and Lycium chinense Mill.;
Solanaceae) supplements and juices are also growing in popularity among West-
ern athletes (97). Along with carotenoids, sterols, and the organic acid taurine,
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Table 7. Effects of 50% ethanol bloodroot extracts of proximal, middle, or distal rhizomes on in
vitro cytokine production by human PBMC (previously unpublished work). PBMC were isolated
from the blood of eight healthy adult donors, plated at 1.0 x 108 cells per well, and cultured with LPS or
extract as detailed elsewhere (95, 107). Cytokine production was determined by ELISA. *Significant
(p<0.005) differences compared to solvent vehicle (media) control. TSignificant (p<0.005) differences
compared to both solvent vehicle and LPS controls.

Solvent LPS Proximal Middle Distal Proximal Middle Distal

Vehicle no extract no LPS; no LPS no LPS + LPS + LPS + LPS
IL-6 1612 +1.74 1176.07 £ 112.08*  11.49+3.98 8.52 +2.64 9.2+1.86 11.35+1.19 13.07 £ 1.47 11.45+1.88
IL-8 1487.22 + 157.52 2022.69 +72.99" 1797 +2.08f  18.07+1.32t 16.68+1.99f  17.42+1.74t 16.7 + 2t 15.61 + 2.32t
IL-10 9.73+1.54 675.4 + 100.5* 16.183+2.5 14.44 +2.02 15.32 + 2.69 17.26 +2.12 16.46 +2.88 13.34 +1.88
TNF 12.76 + 2.65 1222.73 + 142.04* 11.77 £1.71 11.34 +£2.03 9.98 +1.12 13.44 +3.53 9.24+1.77 76+1.49

Goji berries also contain alkaloids including small amounts of atropine. Using
influenza-infected rats, Ren et al. (100) showed that wolfberry supplementation
for 4 weeks (containing 530 mg/g wolfberry fruit) augmented the immune
response to infection and spurred T-cell responses by upregulating IL-2 produc-
tion. Du et al. (34) performed a similar study with similar results, and showed that
wolfberry supplementation improved activity and maturation of antigen-present-
ing dendritic cells, which in turn improved antigen-specific T-cell proliferation
and CD4 T-cell production of IL-4 and IFN-y in vitro. While these results suggest
a possible immunotherapeutic role for Goji berry in athletes, human tests still
need to be conducted (including safety determinations). It is presently unclear
which Goji berry components produced these effects.

Bloodroot (Sanguinaria canadensis L., Papaveraceae) produces a phalanx
of benzophenanthridine alkaloids. While sanguinarine and chelerythrine (Fig-
ure 1) are the most frequently researched, others are present in lesser quantities.
Bloodroot alkaloids are found in greatest concentrations in the rhizomes (under-
ground stems) and increase in concentration from proximal to distal (Figure 3).
When human PBMC were stimulated in vitro with 50% ethanol extracts produced
from different rhizome regions, the extracts had no effect on IL-6, IL-10, and
TNF production, but suppressed IL-8 production compared to media-treated con-
trols (Table 7). When PBMC were co-stimulated with both bloodroot extract and
lipopolysaccharide (LPS), cells produced lower levels of all cytokines compared
to cells treated with LPS alone. In two separate pilot studies in athletes, the same
or identically produced extracts reduced in vitro TNF and IL-10 production and
PBMC proliferation, regardless of the effects of exercise (a graded treadmill
VO,max test or 90 minutes of cycling at 85% ventilatory threshold), and also
abrogated the effects of LPS or phytohaemagluttinn (PHA) co-stimulation (107).
Observed effects are unlikely to be due to toxicity, as two groups have shown
sanguinarine or sanguinarine-containing extracts are toxic to human cancerous
cells but promote proliferation of healthy human PBMC in vitro (2, 104). Togeth-
er, these data may suggest an immunosuppressive effect of bloodroot rhizome
extracts, which would be counterproductive to athletes trying to offset the
immunodepressive effects of intense training. However, in a previous study
where subjects completed both a graded cycling VO,max test and 90 minutes of
cycling at 85% ventilatory threshold, 50% ethanol flower extracts (but not 50%
ethanol root extracts) stimulated post-exercise in vitro PBMC production of TNF,
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Figure 3. Alkaloid composition of 50% ethanol extracts produced from the proximal, mid-
dle, and distal portions of bloodroot rhizomes (previously unpublished work). Plants were
harvested from an upland ravine in south Story County, lowa, April 2010. Rhizome regions
were demarcated by measuring the length of each individual rhizome and dividing it by
thirds. Extraction and LC/MS were conducted as detailed elsewhere (107). All extracts were
tested in triplicate. Assayed alkaloids include chelerythrine and sanguirubine, which co-elut-
ed and were indistinguishable (a); chelilutine (b); chelirubine (c); sanguilutine (d); and san-
guinarine (e). Standard deviation bars are present but invisible at this scale; by ANOVA,
alkaloid content differed significantly for every possible comparison (all p<0.001).

IL-1B, and IL-10 following both exercise bouts (106). The data in Figure 3, Table
7, and previous studies collectively suggest that bloodroot ethanol extracts may
be immunostimulatory or immunosuppressive depending on which plant organ is
harvested. The roles of its alkaloid constituents are less clear, sometimes correlat-
ing negatively or not at all with immune effects; for example, even though alka-
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loid content differed significantly across the three rhizome extracts for all alka-
loids (Figure 3; p<0.001), there were no significant differences in immune effects
across the three extracts (Table 7).

CONCLUSIONS AND INTERDISCIPLINARY VIEWPOINTS

As the previous examples of green tea and bloodroot have shown, plant-
based alkaloid sources are replete with known immunomodulatory alkaloids,
other known non-alkaloid immunomodulatory compounds, and a panoply of
unknown (or unattended) potentially immunomodulatory compounds. Plants can
vary considerably in biochemical composition from species to species, interindi-
vidually, or even intraindividually (discussed below). In a previous issue of EIR,
we proposed a framework to help account for these factors experimentally from
an exercise immunologist’s viewpoint using an interdisciplinary structure includ-
ing botanical, chemical, and clinical considerations (108), and that framework has
subsequently been expanded into the “seed to stomach” model to address manu-
facturing and consumer factors (109). The “seed to stomach” model is a useful
tool for considering the current state of research regarding alkaloids and athlete
immune function.

Based on the search stratagem used for this review, there were a much
greater number of studies examining possible iz vivo immunomodulatory roles of
caffeine in human exercise contexts than other alkaloids or alkaloid sources. Only
a handful of sources were uncovered examining possible in vivo immunomodula-
tory roles of cocoa or ginger in human exercise contexts. None were found for
ephedra. However, the search stratagem used in this review may not have uncov-
ered all germane references, particularly those written in non-English languages.
This review did not address the library of rodent exercise studies: these may
prove to be applicable to human exercise contexts in the future.

Human in vitro and in vivo studies on alkaloids and immune function are
disjointed, making it difficult to form generalizations about the roles of alkaloids
in athlete immune function. There is some evidence that caffeine can serve as an
immunostimulatory, immunoneutral, or immunodepressing agent, depending on
subject and exercise characteristics and immune variables measured, though no
clear patterns emerge from the reviewed studies. It may also exhibit antioxidant
properties. Ginger may exert anti-inflammatory effects, but it is unclear whether
these effects are due to alkaloids or other biochemicals. Evidence for an
immunomodulatory role of marker alkaloids in multi-compound preparations
such as energy drinks, cocoa, or ephedra products is weak to nonexistent. For
alkaloid sources derived from plants, variability in the reviewed studies may be
due to the presence of other alkaloids or non-alkaloids, which may be
immunomodulatory themselves. Pre-experimental factors such as growth or man-
ufacturing differences may also play a part.

From an athlete’s or coach’s perspective, the data on alkaloids and athlete
immune function are inconsistent and inconclusive. Although the health benefits
of several of the plants in this review appear well-founded and have been dis-
cussed above, including cocoa (8), ginger (23), and green tea (102), it is unclear
what role (if any) alkaloids are playing. For many athletes, proper diet is the best
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nutrition and additional supplementation is often unnecessary (77, 121). Other
caveats forewarn consideration of alkaloids as nutraceuticals. Safety and/or over-
dosing concerns are well-documented for sources such as caffeine (1, 47) and
bloodroot (29, 124) and has led to the prohibition or regulation of ephedrine and
its congeners by governments and sports regulatory agencies (96, 121). The
sports supplement industry is poorly regulated and supplements may not contain
adequate safety warnings (99). Package labels may not accurately reflect actual
ingredients, even if manufacturers’ claims of standardization are provided (22,
44). The preponderance of studies on alkaloids and athlete immune function have
used males exclusively, so it is unclear whether the same outcomes would accrue
with female athletes, though it appears caffeine has similar pharmacokinetics in
both sexes (14, 46).

From the vantage points of botany and chemistry, the range of immune
effects arising from alkaloids is logical given their structural diversity. The plants
used in sports supplements are also evolutionarily diverse (105). A lack of corre-
lation between marker components and supplement immune activity is reported
for other medicinal plant genera, such as Echinacea (122) and Pueraria (26), so is
perhaps unsurprising for the plant sources in this review. Exacerbating the prob-
lem are botanical or chemical factors that occur prior to or during extract prepara-
tion; summarily, these factors include planning factors (species selection, genetic
variables), field factors (environmental conditions during growth), production
factors (harvesting and manufacturing methods), and post-production factors
(storage conditions) (109). Though it is pragmatically impossible for any research
team to simultaneously attend to all these factors within a single study, future
exercise immunology endeavors can add to the knowledge base by either control-
ling or accounting for a handful of these factors. For exercise immunologists who
are already juggling kinesiology, immunology, physiology, and related disci-
plines in their experiments, widening the interdisciplinary approach may be
daunting or even unmanageable. In such a situation it may even be beneficial to
recruit scientists from other disciplines to the team.
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