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Abstract

Nutrition and physical exercise can enhance cognitive function but the specific combinations of 

dietary bioactives that maximize pro-cognitive effects are not known nor are the contributing 

neurobiological mechanisms. Epigallocatechin-3-gallate (EGCG) is a flavonoid constituent of 

many plants with high levels found in green tea. EGCG has anti-inflammatory and anti-oxidant 

properties and is known to cross the blood brain barrier where it can affect brain chemistry and 

physiology. β-alanine (B-ALA) is a naturally occurring β–amino acid that could increase cognitive 

functioning by increasing levels of exercise via increased capacity of skeletal muscle, by crossing 

the blood brain barrier and acting as a neurotransmitter, or by free radical scavenging in muscle 

and brain after conversion into carnosine. The objective of this study was to determine the effects 

of EGCG (∼ 250 mg/kg/day), B-ALA (∼550 mg/kg/day), and their combination with voluntary 

wheel running exercise on the following outcome measures: body composition, time to fatigue, 

production of new cells in the granule layer of the dentate gyrus of the hippocampus as a marker 

for neuronal plasticity, and behavioral performance on the contextual and cued fear conditioning 

tasks, as measures of associative learning and memory. Young adult male BALB/cJ mice 
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approximately 2 months old were randomized into 8 groups varying the nutritional supplement in 

their diet and access to running wheels over a 39 day study period. Running increased food intake, 

decreased fat mass, increased time to exhaustive fatigue, increased numbers of new cells in the 

granule layer of the hippocampus, and enhanced retrieval of both contextual and cued fear 

memories. The diets had no effect on their own or in combination with exercise on any of the 

fitness, plasticity, and behavioral outcome measures other than B-ALA decreased percent body fat 

whereas EGCG increased lean body mass slightly. Results suggest that, in young adult BALB/cJ 

mice, a 39 day treatment of exercise but not dietary supplementation with B-ALA or EGCG, 

enhances measures of fitness, neuroplasticity and cognition.
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1. Introduction

Exercise and diet can influence cognition in animal models and humans [1-3]. However, 

most studies have examined exercise and dietary factors independently. Few studies have 

examined the extent to which specific micronutrients or dietary bioactives can interact or 

add to the effects of exercise and improve function greater than exercise or dietary 

treatments alone [1,4-6]. Given that specific nutritional supplements can improve muscle 

strength, reduce fatigue, enhance exercise capacity and improve overall health [7], in 

addition to having direct effects in the brain [1,2], it is reasonable to hypothesize that 

specific dietary supplementation might enhance the effects of exercise on cognition [3].

One of the most dramatic changes in the brain resulting from exercise in young adult mice is 

increased hippocampal neurogenesis [8]. In particular, wheel running is well established to 

increase levels of neurogenesis from 2 to 5 fold relative to sedentary housed controls in 

various inbred strains of mice [9]. The new neurons contribute to a larger granule layer of 

the dentate gyrus in running mice [10]. Although the functional significance of exercise-

induced hippocampal neurogenesis is not known, increased adult neurogenesis in young 

adult mice is widely considered a biomarker for neuroplasticity, learning and memory 

[11,12]. The new neurons are thought to represent highly plastic units that are not yet fully 

integrated into the circuit and therefore are more moldable from experience as compared to 

older integrated neurons [13].

Epigallocatechin-3-gallate (EGCG) is the major flavonoid constituent of green tea. EGCG 

has been reported to increase neurogenesis, both by increasing proliferation and survival of 

new neurons in the dentate gyrus [14-16], and to enhance cognitive performance [17-20]. 

Epicatechin, a related catechin flavonoid, enhances angiogenesis and hippocampal-

dependent behavioral performance in mice [1]. Increased angiogenesis provides a 

neurovascular niche that is conducive for the proliferation and survival of new neurons and 

is associated with increased neurogenesis from exercise [10,21]. Moreover, exercise and 

EGCG both enhance performance on similar hippocampal-dependent tasks in rodent models 

[22,23].
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While exercise improves behavioral performance across multiple domains of cognition, one 

of the most robust effects of exercise on any hippocampal-involved behavioral measure is 

contextual fear conditioning [22,24-26]. Therefore, we hypothesized that combining EGCG 

with exercise might enhance neurogenesis and contextual fear conditioning at a level greater 

than exercise alone. The mechanisms by which EGCG increases angiogenesis and enhances 

hippocampal behaviors are not clear. However, it is known that EGCG crosses the blood 

brain barrier, where it can act as an anti-oxidant [27,28]. Exercise produces robust activation 

of the granule layer of the dentate gyrus [29-32], which requires significant metabolic 

activity and results in the production of free radicals. Hence our leading hypothesis is that 

EGCG acts as an anti-oxidant in the brain facilitating increased metabolic activity in brain 

cells with minimal damage to tissues.

β-Alanine (B-ALA) is a naturally occurring β amino acid that serves as the rate-limiting 

precursor of carnosine, a compound found highly concentrated in muscle [7,33]. Although 

the physiological role of carnosine is not well understood, evidence suggests it can improve 

muscle function and exercise performance [7,34]. Carnosine is thought to act as an 

antioxidant and pH buffer to counteract free radical exposure and post-workout acidosis in 

the muscles [35,36]. Increasing muscle carnosine through an increase in dietary 

supplementation of B-ALA increases the intracellular buffering capacity, which in turn 

increases high-intensity exercise capacity and performance [37]. Hence, we hypothesized 

that B-ALA would enhance the pro-cognitive effects of exercise, in part, by reducing fatigue 

and facilitating increased exercise capacity, intensity or duration.

We also considered the possibility that dietary B-ALA might affect brain function directly, 

though we were less certain about the mechanisms as compared to muscle. Amino acid 

uptake by the brain is carefully regulated, and hence we were uncertain to what extent the B-

ALA provided in the diet would alter B-ALA levels in the brain [38]. Glycine, B-ALA, and 

GABA are consecutive members of a structurally homologous series of amino acids [39]. 

Glycine and GABA are established inhibitory neurotransmitters in the brain. Structural 

similarities of B-ALA to GABA and Glycine enable it to bind to the receptors of both [39]. 

In addition there may be G-protein coupled receptors that function as a specific membrane 

receptor for B-ALA [40]. However, in contrast to the other two neurologically active amino 

acids, the concentration of B-ALA in brain is low [41].

A recent study found B-ALA levels in the hippocampus of rats increased after a Morris 

water maze probe trial [42], consistent with a role for B-ALA in spatial memory retrieval. In 

addition, carnosine supplementation was shown to improve cognitive function in 

schizophrenic patients [43]. The putative pro-cognitive effects of carnosine are thought to be 

mediated, in part, by its anti-oxidant effects [44,45]. However, as with B-ALA, the 

functional significance of carnosine levels in the brain are not well understood.

The goal of this study was to examine the effects of a 39-day intervention with EGCG, B-

ALA, and wheel running alone or in combination on several outcome measures related to 

physical fitness, neuronal plasticity and cognition. Specifically, after 39 days of treatment, 

we measured time to exhaustive fatigue, body composition, numbers of new cells in the 

dentate gyrus of the hippocampus, and associative learning and memory on the contextual 
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and cued fear conditioning task in young adult BALB/cJ mice. To the best of our 

knowledge, this is the first study to investigate whether EGCG and B-ALA can augment the 

normal benefits of exercise on cognitive and neurological measures in young adult mice. It 

is also the first study we are aware of that tests the influence of these dietary bioactives on 

the contextual and cued fear conditioning tasks, widely used in the literature to measure 

associative learning in rodents. We hypothesized that B-ALA alone would reduce fatigue, 

enhance wheel running behavior and thereby enhance numbers of new cells in the 

hippocampus. The new cells we hypothesized would enhance performance on the contextual 

and cued fear conditioning tasks in the runners relative to the sedentary mice. We 

hypothesized that EGCG alone would enhance adult hippocampal neurogenesis and 

contextual fear conditioning. Finally we hypothesized that the combination of ECGC, B-

ALA and wheel running would produce the greatest improvements in the outcome measures 

relative to the other groups.

2. Methods

2.1. Subjects and Husbandry

A total of 91 male BALB/cJ mice were used in this study. Five cohorts of 10 week old mice 

were obtained from Jackson Laboratories (Bar Harbor, ME). Upon arrival, mice were 

individually housed, and acclimated to the facility for 1 week before being assigned the 

experimental diets. During that first week, all mice were fed 8640 Teklad 22/5 rodent diet 

(Harlan Teklad, Indianapolis, IN). Mice were housed under a reverse 12h light-dark cycle 

with lights on at 10 PM and off and 10 AM. Autoclaved water was provided ad libitum at all 

times. All procedures were approved by the University of Illinois Institutional Animal Care 

and Use Committee and adhered to NIH guidelines. All measures were taken to minimize 

the number of mice used as well as the pain and suffering of the mice. The University of 

Illinois at Urbana-Champaign is accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care International.

2.2. Diets

Control and experimental diets were purchased from Research Diets, Inc. (New Brunswick, 

NJ) and were based on AIN-93M maintenance rodent diet. Diets were made with 1.5 mg 

Teavigo® (>90% EGCG, DSM Nutritional Products, Basel, Switzerland) and/or 3.43 mg B-

ALA (NutraBio, Middlesex, NJ) per gram of AIN-93M diet, which was then pelleted to 

match the consistency and appearance of the Control diet. The diets were independently 

assayed by Covance, Inc. (Princeton, NJ), and the experimental diet was found to contain 

1.49 mg of EGCG per gram of diet (99.3% of expected) and 3.34 mg of B-ALA per gram of 

diet (97.4% of expected). The control diet AIN-93M diet was found to be free of both 

EGCG and B-ALA. The compounds were stable in the diet for at least 4 months. See Table 

1 for a complete description of the nutritional components of the four diets: AIN-93M 

(control), B-ALA, EGCG, both B-ALA and EGCG.

Based upon the rates of food disappearance and body masses of the mice, we estimated the 

average intake of EGCG and/or B-ALA per day for each experimental group (Table 2). The 

rationale for the EGCG dosage was based on previous studies demonstrating beneficial 
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effects of EGCG on cognition in mice [46,47]. As there are few studies examining the 

effects of B-ALA supplementation on cognition or muscle function in mice, our B-ALA 

dosage was calculated from the effective dose in humans of 3-4 g/d that led to improved 

physical work capacity [48,49]. For a 70 kg person, this would equate to approximately 

40-60 mg/kg/d. The dose was adjusted for species using the FDA-recommended conversion 

factor of approximately an order of magnitude (Food and Drug Administration, 2005) 

resulting in a target dose of 400-600 mg/kg/d.

2.3. Experimental Design

Mice were randomized into either sedentary or exercise groups for a total of 39 days. Each 

sedentary and exercise group was further randomized into four diet groups either receiving 

Control (n=11 sedentary and 11 runner), B-ALA (n=11 sedentary and 12 runner), EGCG 

(n=12 sedentary and 11 runner), or combined EGCG and B-ALA (n=12 sedentary and 11 

runner). Sedentary mice were individually housed in standard polypropylene shoebox cages 

(29 cm L × 19 cm W × 13 cm H). Mice in the exercise condition were individually house in 

cages (36 cm L × 20 cm W × 14 cm H) with a 23 cm diameter running wheel (Respironics, 

Bend, OR). Wheel rotations were monitored continuously in 1 hr increments throughout the 

experiment via magnetic switches interfaced to the computer. During the first 10 days, all 

mice received daily injections of 5-bromo-deoxyuridine (BrdU; 50 mg/kg) to label dividing 

cells. Body weight and food intake was measured multiple times throughout the experiment 

(Day 1, 5, 8, 12, 15, 19, 22, and 26).

2.4. Body Composition

Body composition was measured for each mouse by MRI (EchoMRI™, Houston, TX). 

Measurements of body fat and lean mass were recorded at two different time points. Body 

composition was measured before and exactly one month after each mouse was placed on 

the experimental diets. Body fat and lean mass composition data were expressed in grams 

for each group.

2.5. Time to Fatigue

An exhaustive treadmill test was performed to measure fatigability on day 36 approximately 

4 hr into the dark phase of the light-dark cycle. As previous described in Martin et al. 

(2013), mice were run on an inclined (5%), motorized treadmill (Jog-a-Dog, Ottawa Lake, 

MI) using an incremental running velocity. Mice ran to fatigue as defined by an inability to 

continue running despite gentle prodding for at least 10 sec. The test was truncated at 120 

min if mice had not reached fatigue. No electric shock was used. Data were expressed as 

time-to-exhaustion (min) for each group.

2.6. Fear Conditioning

A fear conditioning procedure was performed on day 37 and 38. All training and testing 

phases for the fear conditioning task occurred approximately 4 hr into the dark phase of the 

light-dark cycle. For the training phase, the mice were individually placed into a rectangular 

chamber (32 cm L × 28 cm W × 30 cm H, dark grey walls) with metal grid floor connected 

to a shock scrambler controlled by a digital timer (Med Associates, St. Albans, VT). The 
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mice were allowed to acclimate to the chamber for two min. After the acclimation period, 

the mice were presented with a tone that co-terminated with a shock for most mice (N=68 

total; n=8-9 per group). A small number of mice in each group (N=23 total; 2-3 per group) 

received the tone but no shock (un-shocked controls). The tone/shock delivery occurred with 

the presentation of a tone (86 dB) for 20 sec with the administration of a 0.75 mA foot shock 

delivered during the last two sec of the tone. The tone and shock delivery occurred at 120 

sec and 200 sec. The mouse remained in the chamber for an additional 30 sec after the last 

tone/shock delivery before being returned to their home cage.

On the second day, mice were tested for both contextual and cued fear conditioning in 

counterbalanced order, i.e., half the mice were tested for cued first and then contextual, and 

the other half vice versa. For contextual conditioning, mice were placed into the original 

square chamber and left undisturbed for a total of 250 sec in absence of shock or tone. For 

cued conditioning, the mice were placed into a novel octagon-shaped chamber with white 

and black striped walls and a smooth floor and were presented a tone at 120 and 200 sec, but 

no shock. Freezing was recorded by TopScan video tracking software (CleverSystems, 

Reston, VA) as the total number of sec when the mouse's center of mass did not register 

horizontal movement (± 1 mm). Freezing data were converted into percent time spent 

freezing by dividing the total number of sec a mouse spent freezing by the total number of 

sec of testing and multiplied by 100.

2.7. Tissue Collection

On day 40 (when mice were 117 days old), mice were euthanized by CO2 asphyxiation and 

then immediately transcardially perfused with ice-cold saline to remove the blood. Brains 

were removed and longitudinally cut into hemispheric sections. One half was snap-frozen by 

emersion in liquid nitrogen then stored at -80 C for a different project. The other half was 

dedicated to immunohistochemistry and was immediately placed in 4% paraformaldehyde to 

fix overnight. After overnight fixation, the half brains were transferred into a 30% sucrose 

solution and stored at 4 C until sectioning. Brains were sectioned into 40 μM thick sections 

in the coronal plane using a cryostat. Sections were stored in tissue cryoprotectant (50% 0.1 

M Phosphate buffer solution, 25% glycerol, and 25% ethylene glycol) at -20°C until 

processed for immunohistochemical detection of BrdU.

2.8. Immunohistochemistry

After overnight fixation in 4% paraformaldehyde, the tissue was transferred into 30% 

sucrose solution. Brains were sectioned at 40 μM using a cryostat. A one-in-six series was 

stained for BrdU to identify newly divided cells. Free-floating sections were washed in 

tissue buffing solution (TBS) and then treated with 0.6 % hydrogen peroxide in TBS for 30 

min at room temperature. To denature DNA, sections were treated for 120 min with a 

solution of 50% de-ionized formamide and 10% 20× saline sodium citrate buffer, rinsed in 2 

M hydrochloric acid for 30 min at 37 °C, then 0.1 M boric acid in TBS (pH 8.5) for 10 min 

at room temperature. Sections were then treated (blocked) with a solution of 0.3% Triton-X 

and 3% goat serum in TBS (TBS-X plus) for 30 min, and then incubated in primary 

antibody against BrdU made in rat (1:100; AbD Serotec, Raleigh, NC) in TBS-X plus for 72 

hr at 4 °C. Sections were then washed in TBS, treated with TBS-X plus for 30 min and then 
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incubated in secondary antibody against rat made in goat (1:250; Vector Laboratories, 

Burlingame, CA) in TBS-X plus for 100 min at room temperature. Sections were then 

treated using the ABC system (Vector Laboratories, Burlingame, CA; cat# PK-6100) and 

stained using a diaminobenzidine kit (Sigma, St. Louis, MO; cat# D4418-50SET).

2.9. Image analysis

Following Clark et al. [22], the entire granule layer represented in the one-in-six series was 

photographed by advancing the field of view of the Zeiss brightfield light microscope and 

taking multiple photographs under 10× magnification. From the photographs, cells 

positively labeled for BrdU were automatically counted with ImageJ software using a 

validated threshold. A minimum of 20 images for each cohort of mice were also counted 

manually and a threshold was considered valid if the Pearson's correlation between the 

automated and manual counts was greater than or equal to 0.95. To obtain unbiased 

estimates of total number of BrdU cells, total counts were adjusted by removing the fraction 

of cells predicted to cross the boundary of the section on one side based on the average size 

of the particles and the section thickness.

2.10. Statistical Analysis

Data were analyzed using SAS software version 9.2. P<0.05 was considered statistically 

significant. Body mass and food intake were analyzed using a repeated measures ANOVA 

with day as the within subjects factor and EGCG (present in the diet or not), B-ALA 

(present in the diet or not), Exercise (Runner or Sedentary), and all interactions as between-

subjects factors. Wheel running data were averaged across the study for individuals and 

average distance traveled was analyzed by 2-way ANOVA with EGCG, B-ALA and the 

interaction as factors. The body composition data (fat mass and lean mass) were analyzed 

similar to body mass and food intake except with time (pre or post intervention) as the 

within subjects factor instead of day. The following variables were measured by 3-way 

ANOVA with EGCG, B-ALA, Exercise and all interactions as factors: time to exhaustive 

fatigue, number of BrdU+ cells in the granule layer of the dentate gyrus, gene expression 

values. Fear conditioning data were analyzed as follows. First an analysis of duration 

freezing in the original context was conducted using 4-way ANOVA with shock status 

(shocked on day 1 or not-shocked on day 1), EGCG, B-ALA, Exercise and all interactions 

as factors. This was followed by a 3-way ANOVA of only the shocked mice. Duration of 

freezing behavior in the novel environment in response to the tone cue was analyzed using 

repeated measures ANOVA with time (pre or post tone) as the within-subjects factor, and 

EGCG, B-ALA, Exercise and all interactions entered as factors.

3. Results

3.1. Body mass

Body mass increased over the days of the experiment (Fig. 1A; F7,588=57.7, P<0.0001). 

Mice gained approximately 1 gram from the beginning to end of the experiment. No effects 

of diet, exercise, or interactions with time were detected.
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3.2. Food intake

Food intake increased over the days of the experiment (Fig. 1B; F6,498=51.2, P<0.0001). 

Runners ate more food than sedentary mice (F1,79=175.4, P<0.0001). The difference in food 

intake between runners and sedentary mice became greater as the experiment progressed as 

indicated by a significant interaction between day and exercise treatment (F6,498=10.1, 

P<0.0001). No effect of the diets or interactions between diets and the other factors were 

detected.

Table 2 shows the average dose of EGCG and B-ALA consumed by each of the groups in 

the study based on food intake, body mass, and concentration of the micronutrients in the 

diets.

3.3. Wheel running

No differences in wheel running were observed between the 4 diet groups. As typically 

observed for mice, wheel running steadily increased over the first 20 days and thereafter 

maintained a plateau (Fig. 1C).

3.4. Body composition

Both B-ALA and exercise reduced fat mass, as indicated by significant main effect of 

exercise (Fig. 2A; F1,85=5.3, P=0.02), main effect of time (F1,53=58.4, P<0.0001), time-by-

B-ALA interaction (F1,53=5.9, P=0.02) and time-by-exercise interaction (F1,53=11.0, 

P=0.002). However, the combination of B-ALA and exercise did not reduce fat mass any 

further than either one alone. No other main effects or interactions were significant.

EGCG increased lean mass as indicated by a significant EGCG-by-time interaction (Fig 2B; 

F1,53=4.6, P=0.04). No other main effects or interactions were significant.

3.5. Time to fatigue

Wheel running increased time to fatigue in the treadmill test (Fig. 3; F1,67=8.9, P=0.004). 

No effect of the diets or interactions between the diets and exercise were significant.

3.6. Fear conditioning

Contextual fear conditioning—Mice learned the contextual fear conditioning task, as 

indicated by a greater duration of freezing on day 2 in the original context in groups that 

received a shock as compared to no-shock on day 1 (Fig. 4A; F1,71=5.9, P=0.02). Running 

increased duration of freezing in the original context on day 2 in the shocked group 

(F1,56=28.6, P<0.0001). No effect of diet or interaction between diet and exercise were 

detected for contextual fear conditioning in the original context.

Cued fear conditioning—Mice learned the association between the cue (tone) and the 

shock as indicated by a greater duration of freezing on day 2 in the novel context after the 

tone was presented as compared to day 2 before the tone was presented (Fig. 4B and C; 

F1,31=43.3, P<0.0001). Runners displayed approximately a 4-fold greater duration of 

freezing behavior than sedentary mice during all phases of the cued fear conditioning task 

on day 2 as indicated by a significant effect of exercise (F1,50=14.5, P=0.0004) but no 
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interactions with phase (i.e., pre or post tone). No effect of diet or interactions between diet 

and the other factors were detected.

3.7. Adult hippocampal neurogenesis

Exercise increased the total number of BrdU+ cells in the granule layer of the dentate gyrus 

by approximately 4-fold over sedentary mice (Fig. 5A and B; F1,69=73.0, P<0.0001). No 

effect of diet or interactions between diet and exercise were detected.

4. Discussion

The main discovery from this study is that dietary supplementation with EGCG and/or B-

ALA over 39 days had no significant influence on physical fitness, adult hippocampal 

neurogenesis, or learning and memory measures whereas exercise had robust effects on all 

three outcomes. We found similar negative results for EGCG and B-ALA in an aged 

population of BALB/cJ mice housed with and without voluntary running wheels [49]. Our 

negative findings for EGCG on cognition are consistent with a recent report using young 

adult and aged male Wistar rats fed green tea via the drinking water (with EGCG at an 

approximately dose of 30 mg/kg/day) for 3 months in combination with treadmill exercise 

[6]. Exercise significantly enhanced object recognition and inhibitory avoidance learning 

and memory in the rats whereas the green tea had no effect. It is possible that exercise 

produces the maximal enhancement in performance which cannot be modified further. 

However, we know, at least for neurogenesis, that different levels occur with different levels 

of exercise, implying that a ceiling was unlikely for this variable. For contextual fear 

conditioning or other forms of learning improved from exercise, it is more difficult to say. 

Regardless of a ceiling or not, results of our work in combination with the recent finding in 

rats suggest it may not be possible to enhance contextual fear learning or memory with 

EGCG or B-ALA either when administered alone or in combination with exercise.

There are several alternative explanations for why we did not find any significant effects of 

the EGCG and/or B-ALA on numbers of new cells in the hippocampus, and memory 

performance even though other studies reported positive results for similar measures. All the 

studies inevitably differ from each other in methodology, so methodological differences 

could explain the discrepancies. On the other hand, we chose the parameters because they 

were within the range expected to have an influence, and at least some of the studies used a 

similar duration [15] and dose [14,46,47] as we did, and found positive results for related 

outcome measures. Hence, an alternative explanation is that the actual effect size for the 

influence of EGCG and B-ALA on neuroplasticity and cognitive measures is small. We 

believe our results, along with the recent report in rats [6], are an important addition to the 

literature because they emphasize the weakness of the effects of EGCG and B-ALA in 

comparison to exercise on physical fitness and neurological measures. The observation of 

robust effects of exercise on time to fatigue (Fig. 3), contextual and cued fear conditioning 

(Fig. 4), and number of new cells in the dentate gyrus (Fig. 5) demonstrates that our 

outcome measures were sensitive enough to detect effects of the dietary interventions in our 

study if they existed and were of reasonable magnitude.
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Despite not observing EGCG and B-ALA influences on hippocampal cell survival or 

behavioral performance on the fear conditioning tasks, we did observe some interesting 

effects of the dietary treatments on body composition. Specifically, B-ALA reduced body fat 

by approximately 30%, and EGCG increased lean mass by approximately 10% relative to 

the control diets (Fig. 2). The functional significance of these differences is unclear. In a 

clinical trial with 46 men assigned to either a placebo or B-ALA (B-ALA, 3-6 g/day) in 

combination with high intensity exercise training on a stationary bicycle, only the B-ALA 

group displayed increased lean mass in response to the exercise intervention [49]. In a study 

of 22 college wrestlers and 15 college football players, B-ALA supplemented at a dose of (4 

g/day), significantly increased lean mass [48]. In our study, B-ALA reduced body fat rather 

than increased lean mass (though there was a trend for increased lean mass in response to B-

ALA as well). However, similar to the clinical trial, runners with B-ALA had the greatest 

change in body composition relative to the other groups. This was because effects of B-ALA 

and exercise were additive (see Fig. 2A, B-ALA group). Many studies have reported that 

EGCG reduces adiposity [50-54], though fewer studies have reported increased lean mass. 

In aged rats, EGCG has been shown to reverse plantaris muscle atrophy resulting from 

disuse [55], perhaps by activating myogenic progenitor cells. In addition to generally 

supporting the literature on the positive effects of B-ALA and EGCG on body composition 

outcomes, the results are important because they demonstrate that the compounds entered 

the body and were biologically active. Hence, the negative results for the cognitive and 

neurogenesis outcomes are probably not trivially related to the compounds not being 

absorbed or being rapidly eliminated.

Although we observed a small effect of B-ALA on increasing lean body mass, we did not 

observe the expected increase in time to exhaustive fatigue or wheel running behavior. 

Although the effect of B-ALA in humans is well-established [56], the influence of B-ALA 

on muscle function in rodents is less well-understood. A recent study demonstrated 

enhanced fatigue resistance in mice given B-ALA orally for 8-12 weeks [57], a significantly 

longer period and a significantly higher daily dose (∼3.5-fold) than in our study. It is 

possible that a longer duration of supplementation and/or a higher dosage is required to 

improve muscle function in this model.

In our study, we observed no significant influences of any of the dietary treatments on 

number of new cells in the granule layer of the hippocampus as measured using the BrdU 

labeling method (Fig. 5). In young adult mice, it is established that a majority of newly 

divided cells in the subgranule layer of the dentate gyrus die within the first few days 

[58,59]. After 30 days, only a small number of the proliferating cells remain. However, 

80-90 percent of the surviving cells display NeuN neuronal nuclear marker [9,13,60]. 

Hence, the differences in BrdU cell numbers we observed in our study likely reflect 

differential survival of new neurons in the hippocampus from exercise.

Our negative result for EGCG on the neurogenesis outcome measure is inconsistent with at 

least three other published reports we are aware of suggesting EGCG enhances 

neurogenesis. In the first study [16], three month old male C57BL/6J mice were injected i.p 

with EGCG (20 mg/kg) once daily for 60 days. Methodological differences could explain 

the discrepancies between studies as the mode for delivery of EGCG was different (i.p., 

Bhattacharya et al. Page 10

Physiol Behav. Author manuscript; available in PMC 2015 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



versus via chow) and the dose was much different. In our study, mice ate approximately 4 g 

of chow per day, at a dose of 1.5 mg/g chow equates to approximately 240 mg/kg/day (see 

Table 2), about an order of magnitude higher dose than Wang et al. [16]. Another difference 

is that in our study the dose was delivered via the food, over the course of a feeding day, as 

opposed to in a bolus in the peritoneal cavity.

It is also important to recognize that in the Wang et al. [16] study, mice were evaluated for 

proliferation of new cells 2 hr after BrdU injections, which is very different from what was 

done in our study, where mice were injected with BrdU multiple times over the course of the 

first 10 days of intervention, and evaluated for numbers of surviving cells approximately 1 

month later. The authors reported increases in proliferation using the 2-hr BrdU method, 

which they emphasized in their paper. However, the authors also included a treatment where 

after one month the mice received 4 consecutive daily injections of BrdU and then were 

euthanized for immunohistochemical detection of BrdU after an additional month. The 

BrdU measurement of neurogenesis in this 1-month BrdU group was very similar to ours, 

and the results were also similar, as the authors found no difference in survival of BrdU 

positive cells in the granule layer in response to chronic EGCG administration. This is an 

extremely important result because it suggests the proliferation differences the authors 

reported in the paper likely did not translate to more total numbers of neurons or new 

neurons integrated into the hippocampal circuitry. In other words, higher proliferation rates 

observed in the mice treated with EGCG may be countered by higher rates of apoptosis [61] 

resulting in no net increases in neurogenesis.

The best explanation we can offer for the discrepancy between our results as compared to 

the other two studies is methodology and small effect sizes for the nutritional interventions. 

One of the studies used male Wistar rats [14]. EGCG was administered with other green tea 

catechins at a concentration of approximately 0.5% w/v for 26 weeks in the drinking water 

which equated to approximately 270 mg/kg/day. The rats were injected with BrdU for 5 

consecutive days then euthanized 5 weeks later. Hence, the method for measuring 

neurogenesis and the dose was similar to our study. However, the species was different (rat 

not mouse), and mode for delivery was different (via drinking water versus via food). The 

third study [15] used male C57BL/6J mice that received 25 mg/kg/day EGCG via oral 

gavage for one month and were treated with a single i.p injection of 50 mg/kg BrdU on day 

21. The difference here is the route of administration (gavage versus food), strain of mouse 

(C57BL/6J versus BALB/cJ) and the lower dose of EGCG (25 versus 240 mg/kg/day), as 

compared to our study. Additional research is needed to further evaluate the influence of 

EGCG and B-ALA on adult hippocampal neurogenesis to identify the parameters that make 

the difference. We hypothesize that these nutritional compounds regardless of their dose or 

duration will have weak influence on adult hippocampal neurogenesis. Our hypothesis is 

based on the negative results we obtained in the current study and the idea that levels of 

adult hippocampal neurogenesis are heavily influenced by levels of physical activity 

[8,23,31], and subsequent activation of the dentate gyrus of the hippocampus [29,30,62], 

something we think is unlikely to happen with mere addition of single micronutrients into 

the diet.
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We are not aware of any previous study that evaluated contextual or cued fear conditioning 

in response to EGCG or B-ALA. Most of the studies have measured spatial learning and 

memory using the Morris water maze or 8-arm maze [18-20]. Some studies also included the 

Y-maze and passive avoidance tests [17,63]. The passive avoidance test is similar to the 

contextual fear conditioning task in the sense that both tasks measure associative memory of 

a context previously paired with an aversive foot shock. The authors administered EGCG 

via oral gavage at a dose of 20 or 40 mg/kg/day for 7 weeks [17]. They found a benefit in 

diabetic mice that displayed impaired baseline performance, but no effect was found in the 

normal control mice, consistent with our results. In fact, most of the studies that found a 

positive influence of EGCG on cognitive performance found the effect in an animal that was 

impaired to begin with [17-19,63]. Few studies found benefits in normal mice but see [20]. 

It is possible that the effect of EGCG is specific to the domain of spatial learning and 

memory, or that the effect is only observable in the background of a deficit.

In our study, exercise enhanced both contextual and cued fear conditioning (Fig. 4). The 

literature suggests that the contextual fear conditioning task critically involves the 

hippocampus whereas the cued conditioning task does not involve the hippocampus as much 

[64,65]. Hence our results are consistent with the idea that effects of exercise in male 

BALB/cJ mice are broad, involving changes in both the hippocampus and other areas of the 

brain. These results are consistent with a growing literature suggesting that the effects of 

exercise on the brain are substantial, affecting multiple domains of cognitive performance in 

both humans and animal models [22,66].

In summary, our data suggest that dietary interventions with B-ALA and EGCG have little if 

any influence on physical fitness, adult hippocampal neurogenesis, and cognitive 

performance measures. While our study did not completely replicate the parameters of any 

specific previous study reporting positive results, the parameters we used were well within 

the ranges expected to have an influence from the literature. Hence, although we cannot rule 

out the possibility that methodological differences explain the discrepancy, we favor the 

conclusion that these micronutrients have limited influences on fitness and cognitive 

outcomes, at least relative to exercise. Our negative results were not likely due to excessive 

individual variation, low repeatability, or ceiling effects in our outcome measures because 

we demonstrated highly statistically significant benefits of voluntary wheel running 

administered for the same duration as the dietary interventions. Therefore, the question 

remains as to whether the putative/neurological benefits of EGCG and B-ALA are real and 

what the true effect sizes are. The compounds are safe. Therefore, in addition to additional 

animal work, we strongly encourage large clinical trials to help establish the legitimacy of 

the cognitive and neurological claims for these micronutrients.
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Figure 1. Body mass, food intake and wheel running behavior
A) Average body mass is shown every 3 or 4 days for the first 28 days of the study before 

behavioral testing began (e.g., treadmill running to exhaustion, contextual fear conditioning) 

separately by treatment group. B) Same as A for food intake. C) Average distance traveled 

in km per day for runners only by diet group. Standard error bars shown (n=11 or 12 per 

group).
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Figure 2. Body composition
Average A) fat mass and B) lean mass as measured by echo-MRI. Pre-Diet measures were 

taken at the start of the experiment and Post-Diet measures were taken after one month of 

exposure to the diets. Standard error bars shown (n=11 or 12 per group).
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Figure 3. Time to fatigue
Average time to fatigue on an accelerating inclined treadmill. Standard error bars are shown 

(n=11 or 12 per group).
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Figure 4. Fear conditioning
A) Average duration freezing in the original context on day 2 of the procedure expressed as 

percentage of total duration of the test, with separate bars for each treatment group. B) 

Average duration freezing in the novel context on day 2 before the tone was presented. C) 

Same as B but during the period after the tone was presented. Standard error bars are shown 

(n=2-3 per group for no-shock controls; n=8-9 for shock groups).
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Figure 5. New cells in the dentate gyrus of the hippocampus
A) Representative microscopic image of a brain section stained for BrdU revealing new cells 

(born during the first 10 days of the study and still survived 1 month later) in the granule 

layer of the dentate gyrus. B) Average total number of BrdU+ cells in the granule layer of 

the dentate gyrus. Standard error bars are shown (n=9-12 per group).
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Table 2
Average (± SE) dose of EGCG and β-alanine ingested by each group

` Sedentary Runner

Diets EGCG (mg/kg/d) β-alanine (mg/kg/d) EGCG (mg/kg/d) β-alanine (mg/kg/d)

Control — — — —

EGCG 230.38 ± 4.57 — 269.53 ± 3.72 —

β-alanine — 533.54 ± 9.13 — 625.53 ± 10.29

Combined 236.01 ± 4.77 529.05 ± 10.70 272.86 ± 5.27 611.64 ± 11.81

Physiol Behav. Author manuscript; available in PMC 2015 June 01.


