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Consumption of (-)-epicatechin (Epi), a cacao flavanol improves cognition. The aim was to 

compare the effects of (-)-Epi or its stereoisomer (+)-Epi on mouse frontal cortex-dependent 

short-term working memory and modulators of neurogenesis. Three-month-old male mice 

(n=7/group) were provided by gavage either water (vehicle; Veh), (-)-Epi, at 1 mg/kg or (+)-

Epi at 0.1 mg/kg of body weight for 15 days. After treatment, spontaneous alternation was 

evaluated by Y-maze. Brain frontal cortex was isolated for nitrate/nitrite measurements, 

Western blotting for nerve growth factor (NGF), microtubule associated protein 2 (MAP2), 

endothelial and neuronal nitric oxide synthase (eNOS and nNOS) and immunohistochemistry 

for neuronal specific protein (NeuN), doublecortin (DCX), capillary (CD31) and 

neurofilaments (NF200). Results demonstrate the stimulatory capacity of (-)-Epi and (+)-Epi 

on markers of neuronal proliferation as per increases in immunoreactive cells for NeuN (74 

and 120% respectively), DCX (70 and 124%) as well as in NGF (34.4, 63.6%) and MAP2 

(41.8, 63.8%). Capillary density yielded significant increases with (-)-Epi (~80%) vs. (+)-

Epi (~160%). CD31 protein levels increased with (-)-Epi (~70%) and (+)-Epi (~140%). 

Effects correlated with nitrate/nitrite stimulation by (-)-Epi and (+)-Epi (110.2, 246.5%) and 

enhanced eNOS phosphorylation (Ser1177) with (-)-Epi and (+)-Epi (21.4, 41.2%) while 

nNOS phosphorylation only increased with (+)-Epi (18%). Neurofilament staining was 

increased in (-)-Epi by 135.6 and 84% with (+)-Epi. NF200 increased with (-)-Epi (116%) 

vs. (+)-Epi (84.5%). Frontal cortex-dependent short-term spatial working improved with (-)-

Epi and (+)-Epi (15, 13%). In conclusion, results suggest that both enantiomers, but more 

effectively (+)-Epi, upregulate neurogenesis markers likely through stimulation of capillary 

formation and NO triggering, improvements in memory. 

Key words: Flavanols, epicatechin, neurogenesis, nitric oxide, eNOS.

Introduction
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During adulthood, neurogenesis is a limited process that mainly occurs in two regions of the 

healthy brain, the dentate gyrus (DG) of the hippocampus and the subventricular zone (SVZ) 

1. However, it has been reported that adult neurogenesis also occurs in areas such as striatum, 

amygdala, hypothalamus 2–4, neo and visual cortex 5,6 , evidencing that this cellular process 

is more widespread. In vitro and in vivo studies show that neural progenitor cells (NPCs) 

derived from frontal cortex of adult animals and humans can proliferate and differentiate to 

either neurons or glial cells depending on the external stimuli 7–10. Endogenous cellular 

precursors in the adult brain, appear to be activated to produce neurons and partially 

repopulate brain regions as a compensatory mechanism 2.

Nitric oxide (NO) is recognized as a stimulator of neurogenesis in vitro 11. In in vivo studies, 

brain endothelial cell-derived NO has demonstrated to promote neurogenesis 12 in both 

embryonic and adult animal models 13. Flavonoids are recognized for their safety and 

beneficial effects. The flavanol (-)-epicatechin (Epi) has garnered interest since it has been 

widely demonstrated to improve vascular function through NO production via endothelial 

NO synthase (eNOS) activation 14–17. Furthermore,  (-)-Epi can traverse the blood–brain 

barrier, positively impacting brain function 18,19. Using animal models of aging and chronic 

neurodegenerative diseases it has also been demonstrated that (-)-Epi exerts positive effects, 

as a neuroprotector and preventing neuronal death 20,21. In a study performed in mice, (-)-Epi 

was able to improve memory, suppress neuro-inflammatory genes and stimulate 

neuroprotective counterparts 19. Furthermore, a clinical trial implemented in normal older 

subjects using cocoa extracts, demonstrated improved memory and cognition associated with 

enhanced hippocampus function 22. However, no studies have examined the effects of cacao 

flavanols on frontal cortical region dependent short-term memory. 
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In contrast to (-)-Epi, the enantiomer (+)-Epi, is found in very low amounts in cacao and 

fruits 23. We reported on the pharmacokinetics of (+)-Epi and its safety in healthy and pre-

diabetic subjects also noting positive effects on metabolism in mice 24. The plasma half-life 

values estimated for (+)-Epi metabolites were higher than those for (-)-Epi which suggests 

that for potential therapeutic purposes (+)-Epi could be administered less frequently and 

possibly at lower doses. However, the influence that flavanols stereochemical configuration 

have on biological processes is unknown. Therefore, the objective of this study was to 

examine the effects of (-)-Epi and (+)-Epi on brain frontal cortex neurogenesis-related 

markers and on associated short-term working memory.
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Materials and methods

Animals

All animal procedures were performed in accordance with the Guidelines for Care and Use 

of Laboratory Animals of " University of California, San Diego” , with the Code of Ethics of 

the World Medical Association (Declaration of Helsinki amended in 2000) the US Guidelines 

for the Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources 

(http://www.nal.usda.gov/awic/pubs/noawicpubs/careuse.htm), and approved by the Animal 

Ethics Committee of " UCSD Institutional Animal Care and Use Committee (IACUC)".

Three-month-old male C57BL/6J wild type mice were housed and provided with water and 

regular chow ad libitum. 

Compounds

(-)-Epi (≥90% purity) was obtained from Sigma-Aldrich Co. The compound was further 

purified and recrystallized in ethanol before use. (+)-Epi was a gift from Epirium Bio, Inc. 

The purity of both compounds (>95%) was corroborated using HPLC mass spectrometry.      

Treatment

A total of 21 mice were randomly allocated into three groups (n=7 animals/group): 1) water-

treated (Vehicle [Veh]), 2) (-)-Epi, and 3) (+)-Epi-treated. Solutions at a concentration of 

1mg/ml of (-)-Epi and (+)-Epi were prepared in distilled water, aliquoted and frozen at -80οC 

upon use. Animals were provided with either Veh, (-)-Epi at 1 mg/kg or (+)-Epi at 0.1 mg/kg 

body weight by oral gavage daily for 15 days. These doses, duration of treatment and age of 

mice were chosen based on our previous studies, which have demonstrated notable positive 

effects on mouse brain in the setting of disease 25 aging and adulthood 26 as well as for higher 

efficacy of (+)-Epi vs. (-)-Epi in mouse models of high fat diet induced obesity 24 and 

stimulation of mitochondrial biogenesis 27.
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Brain sample collection and determination of epicatechin tissue levels

At the end of treatment, animals were sacrificed by decapitation after isoflurane anesthesia 

and brain tissue collected. Brain frontal cortex was isolated and frozen in liquid nitrogen for 

nitrate/nitrite measurements and Western blotting. For immunohistochemistry purposes, 

sections of frontal cortex were fixed during 24 h at 4°C using 4% paraformaldehyde in 0.1M 

phosphate buffer, pH 7.4, then dehydrated with ethanol, cleared in xylene and embedded in 

paraffin blocks. Sagittal sections (5µm thickness) from comparable regions of the frontal 

cortex were obtained and mounted onto microscope slides. 

Immunohistochemistry staining for NeuN, DCX and capillaries 

Frontal cortex sections from all 3 groups were prepared as above and labeled using a rabbit 

anti mouse antibody against CD31 (Abcam ab119339) 28, rabbit anti DCX (Cell Signaling 

4604S) and rabbit anti mouse against NeuN (Cell Signaling 24307), overnight (4°C) (dilution 

1:1000) rinsed and incubated for 30 min with rabbit mouse peroxidase complex diluted 1:200 

in 1% goat serum in PBS. Color development was performed by treating the slides with 

0.05% diaminobenzidine hydrochloride (DAB) and 0.02% H2O2 in PBS for 8 min. Slides 

were counterstained with hematoxylin and dehydrated in alcohol at ascending 

concentrations, cleared in xylene and glass cover slips were mounted with Permaslip 29. 

Negative control slides were prepared by substitution of the primary antibody with mouse 

IgG. Slides were analyzed by light microscopy at 40X magnification (Zeiss, Jena, Germany) 

and digital images of the sections were obtained. NeuN and DCX positive cells as well as 

capillaries were quantified by blinded operators using 12 randomly chosen digital images of 

the same size derived from 6 out of 30 nonconsecutive sagittal sections on a broad range of 

150 µm of each frontal cortex.

Immunofluorescence
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Frontal cortex sections were deparaffined using two absolute xylene washes and re-hydrated 

with decreasing dilutions (100-50%) of ethanol followed by washing with water. Sections 

were processed using the heat-induced antigen retrieval for 15 min (Declere, Biosciences). 

Tissue sections were treated for 15 min with freshly prepared 3% H2O2, (to inhibit 

endogenous peroxidase activity) and washed with water. Tissue sections were blocked with 

10% goat serum and 0.01% triton X-100 in PBS for 30 min and then incubated overnight 

(4°C) with mouse anti neurofilament (NF-200, Sigma N4142) primary antibodies (dilution 

1:1000). Slides were washed and incubated 1 h with AlexaFluor 546-conjugated goat anti-

mouse IgG secondary antibody (dilution 1:400). Sections were mounted with the nucleus-

specific 4,6-diamidino-2-phenylindole dihydrochloride (DAPI), cover-slipped and dried at 

4°C overnight in the dark, then analyzed by fluorescence microscopy. Positive staining 

quantification was performed using images taken at 40X with a Nikon digital camera 

DMX1200 mounted on an epifluorescence microscope (Nikon Eclipse E600) and analyzed 

using Nikon’s ACT-1 imaging software. Image analysis was performed using 12 randomly 

chosen digital images from 6 nonconsecutive sections of frontal cortex taken from each 

animal (n=7 animal/group) and examined by blinded operators.

Nitrate/nitrite measurements

Nitric oxide (NO) products (i.e. nitrate and nitrite anions) were measured using a fluorescent 

nitrate/nitrite kit (Cayman Chemical 780051) as per manufacturer instructions. Briefly, 10 

mg of frontal cortex was homogenized on dry ice in 0.1 ml of cold PBS (pH: 7.4) and 

centrifuged (10,000g) for 20 min at 4°C. Supernatant was recovered to measure total protein 

content (Bradford Assay Bio-Rad) then centrifuged (100,000 g) 30 min at 4°C. Supernatant 

was recovered and ultrafiltered through 10 kDa molecular weight cut-off (Amicon ultra-0.5 

10K Millipore) by centrifugation (10,000g) 15 min at 4°C. Total NO was measured in eluted 
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fraction in 96-well plate using a fluorometer (FLx800 Bio-Tek instruments) as per 

specifications.

Western blotting

Approximately 10 mg of brain frontal cortex was homogenized with a polytron in 150 µl of 

lysis buffer (1% Triton X-100, 20 mM Tris, 140 mM NaCl, 2 mM EDTA, 0.1% SDS) with 

protease and phosphatase inhibitor cocktails (P2714 and P2850; Sigma-Aldrich), 

supplemented with 0.15 mM Phenylmethanesulfonyl fluoride (PMSF), 5 mM Na3VO4, and 

3 mM NaF. Homogenates were sonicated for 15 min at 4°C and centrifuged at 12,000 g for 

10 min. Total protein content was measured in the supernatant using the Bradford method. A 

total of 40 µg of protein was loaded onto a 4–15% precast polyacrylamide gel (Bio-Rad) and 

electrotransferred to a polyvinylidene difluoride membrane using a semidry system. 

Membranes were incubated for 1 h in blocking solution (5% nonfat dry milk in NaCl/Tris 

plus 0.1% Tween-20) and then overnight at 4°C with primary antibodies. To examine 

capillary and NO related proteins, antibodies against CD31 (Abcam 119339), endothelial 

nitric oxide synthase (eNOS) (ab76198 from Abcam, Cambridge, MA, USA), p-ser1177-

eNOS (9570 from Cell Signaling), neuronal nitric oxide synthase (nNOS) (4236S from Cell 

Signaling, Danvers, MA, USA), and p-ser1417-nNOS 07-544 from Upstate were used 28. To 

examine neurogenesis and neurofilament related proteins, antibodies against nerve growth 

factor (NGF), (sc-32300 Santa Cruz Biotechnologies, Santa Cruz, CA, USA) Microtubule 

Associated Protein-2 (MAP2 4542 from Cell Signaling) and Neurofilament (NF200 N4142 

from Sigma-Aldrich) were used. GAPDH (Cell Signaling rabbit 5174 or mouse 97166) were 

used as a loading control. All primary antibodies were diluted 1:1000–2000 in blocking 

solution. After primary antibody incubation, membranes were washed (3X5 min) in 

NaCl/Tris plus 0.1% Tween-20 and incubated for 1 h at room temperature with specific 
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horseradish peroxidase-conjugated secondary antibodies. Membranes were washed 3X in 

NaCl/Tris plus 0.1% Tween-20 and the immunoblots developed using an ECL Plus detection 

kit (Amersham-GE, Pittsburgh, PA, USA). Band intensities were digitally quantified with 

IMAGEJ (http://www.nih.gov).

Y-maze working memory test

Spontaneous alternation was used as a measure of spatial working short-term memory which 

reflects frontal cortex function 30–33. Two days prior the test, animals were habituated for 

handling in the area. At the day of the test, animals were placed in the evaluation room for 1 

h. Mice were then placed at the end of the starting arm of the Y-maze and allowed to move 

freely through the maze for 10 min. The total number of arm entries (locomotor activity) and 

alternation behavior were video recorded. The percentage of alternation was calculated as 

(total of spontaneous alternation/total arm entries – 2) X 100.

Statistical analysis

All results are presented as mean ± standard error of the mean (SEM) and analyzed by one-

way ANOVA using multiple comparison of each group means and for each variable. Post 

hoc Tukey's test was used to determine differences between means. p values <0.05 were 

considered statistically significant.
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Results

Markers of neurogenesis

To evaluate the effects of (-)-Epi and (+)-Epi (Fig. 1A-B) on neuronal differentiation and 

maturation in brain frontal cortex, we analyzed recognized markers of such processes (NeuN, 

DCX, NGF and MAP2) by immunohistochemistry and Western blots. Stained sections using 

the NeuN and DCX antibodies are shown in Fig. 2A and 2B respectively. The number of 

immunolabeled cells/area was quantified (Fig. 2C) in 12 randomly chosen images from 6 

nonconsecutive sections of frontal cortex from each animal (n=7/group). Representative 

images from Westerns for NGF and MAP2 are shown in Fig. 2D. Changes in NGF and MAP-

2 protein levels were normalized by GAPDH and represented as graphs in right lower panels. 

A significant increase in NeuN and CDX immunoreactive cells as well as an increase in NGF 

and MAP-2 protein levels was observed with (-)-Epi and (+)-Epi treatments vs. Veh. A 

significant difference in both NeuN and NGF was also observed between the (+)-Epi vs. (-)-

Epi groups (Fig. 2A, C and Fig. 2D). In preliminary experiments, we detected (-)-Epi or (+)-

Epi in mouse brains after being subcutaneously applied (data not shown) thus, we believe 

that the effects reported here are secondary to a local action of the enantiomers. 

Capillarity density

It is well known that neurogenesis in particular of the adult brain, appears to require 

angiogenesis 34. We previously reported on the capacity of (-)-Epi to induce heart and skeletal 

muscle angiogenesis in mice 28,35. Thus, we analyzed the effect of (-)-Epi and (+)-Epi on 

capillary formation in the brain frontal cortex by evaluating changes in CD31 expression. As 

shown in figure 3A and 3B (immunostaining and Western blot respectively), (-)-Epi and (+)-

Epi were able to induce the expression of CD31. Image analyses yield a statistically 

significant increase in CD31 by immunostaining and Western with (-)-Epi and (+)-Epi as 
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compared vs. Veh (Fig. 3A and 3B; lower panel). Higher levels were observed with (+)-Epi 

vs. (-)-Epi.

Effects of treatment on NOS/ nitrate/nitrite/NO pathway in brain frontal cortex

An upstream signaling pathway involved in angiogenesis is eNOS activation 28. We and 

others have demonstrated the capacity of (-)-Epi  to induce nitrate/nitrite production via 

eNOS 17,28. In this study, we analyzed the effect of (-)-Epi and (+)-Epi on nitrate/nitrite 

production as well as nNOS and eNOS protein levels and in their activation status (i.e. 

phosphorylation levels). As demonstrated in figure 4A, both flavanols were capable of 

inducing nitrate/nitrite synthesis via eNOS activation/phosphorylation (Fig. 4B left lower 

panel) while not affecting their protein levels (Fig. 4B right lower panel). Modest nNOS 

activation was observed only with (+)-Epi (Fig. 4C left lower panel) in the absence of 

changes in total protein (Fig. 4C right lower panel). Interestingly, (+)-Epi was also able to 

induce a significant 60% greater nitrate/nitrite level vs. (-)-Epi. Correlation analysis (Fig. 4D) 

were implemented in order to potentially identify the relative role of p-eNOS vs. p-nNOS in 

the production of nitrite/nitrate induced either by (-)-Epi (Fig. 4D left) or (+)-Epi (Fig. 4D 

right).  

Neurofilament markers

As evidence for neural maturation, we evaluated the effects of treatment on the expression 

of NF200 a recognized marker of neurofilaments. In figure 5A (upper panel), 

immunostaining results and graphical representation of their quantification are shown. 

NF200 was also analyzed by Westerns (Fig. 5B upper and lower panels). Significant 

increases of neurofilament staining with (-)-Epi and (+)-Epi treatment was observed. (-)-Epi 

treatment also demonstrated greater quantities of immunoreactive cells and protein levels vs. 

(+)-Epi treatment. 
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Y-maze working memory test

Spontaneous alternation as a measure of frontal cortex-dependent short-term working 

memory was evaluated in Y-maze (Fig. 6A). (-)-Epi and (+)-Epi demonstrated increased 

spontaneous alternation (15% and 13% respectively) vs. Veh (Fig. 6A), while total number 

of arm entries was not significantly different across any of the groups (Fig. 6B). There was 

no correlation between spontaneous alternation rate and the number of total arm entries 

between groups as demonstrated by Pearson’s analysis of correlation (Fig. 6C), indicating 

that locomotor activity did not impact the quantification of spontaneous alternation.
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Discussion 

Results demonstrate that in the brain frontal cortex of adult mice, (-)-Epi and its enantiomer 

(+)-Epi upregulate the expression of important neuronal development factors, the neuronal 

specific nuclear protein NeuN, doublecortin (DCX), NGF and MAP2. We also report on 

concurrent increases in the endothelial protein marker CD31, as well as in 

eNOS/nitrate/nitrite/activation/synthesis. Furthermore, our results demonstrate the 

overexpression of the neurofilament NF200, a hallmark molecule associated with neuronal 

axon maturation. These improvements appear to translate into enhanced frontal cortex-

dependent short-term working memory. We also confirm our previous observations as to the 

greater relative potency of (+)-Epi vs. (-)-Epi 24.

Until recently it was believed that in mammals neurogenesis occurred (within limited 

periods) during development and quickly arrested after birth 13, since the number of 

proliferating progenitors and young neurons in the dentate gyrus declines sharply during the 

first year of life and only a few young neurons are observed in childhood 36. Studies on 

cortical adult neurogenesis have reported interesting findings. Brain cortical adult 

neurogenesis is likely part of the neuronal network essential for relational memory 

organization 37. In the healthy adult brain, cortical neurogenesis can apparently generate 

neural progenitor cells (NPC) and neuronal stem cells (NSC) which can migrate to repopulate 

SVZ and white matter 38. Several reports also indicate that adult neurogenesis in frontal 

cortex is upregulated after brain injury (i.e. ischemia, epilepsy, neural degeneration or 

traumatic lesions), suggesting that cortical adult neurogenesis has possible key functions in 

brain injury. Thus, enhanced neurogenesis in the cerebral cortex may have neuroprotective39. 
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Furthermore, it has been recently demonstrated that adult neurogenesis can be activated in 

selected areas of the adult nervous system in response to a variety of stimuli such as 

environmental, physical activity 40, neuroendocrine, neurochemical 41 and with brain injury 

42,43. Nutritional components including dietary flavonoids, can also act as neurogenic factors 

22. Flavonoids, contained in cacao have been shown to increase adult hippocampal 

neurogenesis in chronically stressed rats, an effect that is mediated by nerve growth factors 

44.

Adult neurogenesis is known to be influenced by NGF, a member of the nerve growth 

factor/neurotrophin family 45. NGF is necessary for neuronal survival, proliferation, 

facilitates morphological differentiation (outgrowth process by stimulation of cellular 

metabolism) and can as well, improve function in several areas of the brain 46. NGF also 

increases the expression of neurofilament subunits in PC12 cells  47.

Neuronal microtube associated protein doublecortin DCX has emerged as an important 

marker of neurogenesis in adulthood 48. The nuclear antigen NeuN has been widely used as 

a marker for neurons in a variety of species including humans whereas MAP2, a neuron-

specific cytoskeletal protein, has been used as a marker for a “growing” neuronal phenotype 

49. We demonstrate that (-)-Epi and (+)-Epi treatment can stimulate NGF in the frontal cortex 

simultaneously with the upregulation of the NeuN and DCX suggesting that the flavanols 

may effectively stimulate the neurogenic processes. These results are consistent with those 

of Valente et al., 2009 where they demonstrated that a polyphenol and polyunsaturated fatty 

acids rich diet can induce neurogenesis in the SVZ and SGZ of adult mice and that the same 

diet protects cortical and hippocampal neurons against oxidative stress 50. 

Using an in vivo model of diabetes Al-Gayyar et al., 2011, examined the neuroprotective 

effects of (-)-Epi. Treatment of diabetic animals with (-)-Epi (100 mg/kg/day, orally for 3 
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weeks) induced neuronal survival rather than neurogenesis 20. This effect appeared related 

mainly to a neuroprotective action of (-)-Epi. The effects noted in diabetic rats vs. our results 

may be related with the (-)-Epi dose administrated to the animals and their disease status. 

Whereas we treated normal mice with a lower dose of (-)-Epi (1 mg/kg/day) and for a shorter 

period of time (15 days), Al-Gayyar et al., used higher doses (100 mg/kg/day) in diabetic rats 

for a longer period of time (21 days). It is also possible that the use of high (-)-Epi doses may 

limit neuronal proliferative responses. Further studies would be needed to unmask the precise 

dose/response effects of (-)-Epi on neurogenesis. 

Adult human neurogenesis and angiogenesis are regulated in parallel 51. Exercise enhances 

cerebral blood volume, resulting in more adult neurogenesis in mice and better cognitive 

performance in humans 52. In the adult central nervous system, the vasculature of several 

neurogenic niches can regulate neuron development (i.e. proliferation and differentiation) by 

providing circulating nutrients and endothelium-secreted factors (i.e. NGF and NO) 53. 

Angiogenesis is also directly related with neurogenesis since blood supply is necessary for 

new neuronal survival and development 54. There is evidence suggesting that (-)-Epi can 

increase hippocampal angiogenesis in young mice 19 possibly through regulation of NOS as 

reported with other polyphenols 55. This response has been linked to neurogenic signaling 

activation of serotonin receptors and to increases in factors such as NGF 41,56. The capacity 

of (-)-Epi to induce vascular NO/nitrites/nitrates production is well established 17,28. 

Interestingly, there is a link between endothelial cell derived NO and the ensuing processes 

of angiogenesis and neurogenesis 57–60 highlighting the role that the NO/angiogenesis 

pathway may play as a required process for neuronal development in the adult brain 11. We 

previously reported the effects of (-)-Epi treatment on mouse skeletal muscle 35 and cardiac 

angiogenesis 28, which was associated with the activation of the VEGF/eNOS/NO pathway. 
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Substantial experimental evidence supports the participation of NO in neurogenesis 61,62. 

However, its specific role remains unclear. Nonetheless, data presented here indicates that (-

)-Epi and (+)-Epi treatment stimulates NO/nitrite/nitrate production in the frontal cortex 

concomitantly with increases in indicators of angiogenesis and neurogenesis. However, 

correlation analysis failed to demonstrate a relationship between (-)-Epi or (+)-Epi treatment 

with nitrite/nitrate production and the phosphorylation of eNOS or nNOS suggesting that the 

angiogenesis and neurogenesis processes are likely complex. 

It has been demonstrated that nNOS expression increases in several neuronal structures 

during embryonic neurogenesis and decreases its expression during adulthood 13. This is 

consistent with findings of this study in which we observed an apparent low basal level of 

nNOS as compared with eNOS in the frontal cortex. Interestingly, treatment with (+)-Epi 

significantly stimulated nNOS phosphorylation levels, which may be related to its overall 

greater capacity to stimulate NO. However, there is limited information regarding the manner 

by which such stimulation occurs. We have published evidence for the activation of cell 

membrane receptors (GPER/GPER1/GPER30), which are associated with pathways known 

to be linked with the stimulation of NOS 63. We can speculate that such receptors may be 

present in brain endothelial cells and/or possibly in neurons triggering NOS responses. It is 

also worth noting that even though nitrate/nitrite levels were increased by (-)-Epi and (+)-

Epi, it is likely not due to the activation of the pro-inflammatory isoform of NOS (inducible 

NOS [iNOS]). iNOS and eNOS often have opposite actions in promoting cell survival. For 

instance, if increases of nitrate/nitrite levels would have been due to iNOS activation, the 

concentration (Fig. 4A) would have likely increased to micromolar range. Consequently, we 

would have observed the opposite effect on markers of neurogenesis. According to Carreira 

et al., 2015, when iNOS is activated after a brain injury it promotes an inflammatory milleu 
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where new neurons formed at an earlier stage decreased due to the very large increase in NO. 

In fact, high NO levels can promote the maintenance of neuroinflammation which can 

provide an injurious environment for newborn cells, which ultimately fail to survive 64. 

Findings from this study also provide evidence for increases in neurofilaments (as evidenced 

by NF200 staining along the axonal body) a structure whose development is associated with 

late stage neuronal differentiation and maturation 47,65 leading to the establishment of 

synapses. Results indicate that (-)-Epi and (+)-Epi treatment can significantly increase the 

expression of NF200, indicating that flavanol treatment may also support neuronal 

differentiation and maturation. Interestingly, a relationship between NO and neuronal 

proliferation/differentiation, appears to develop in a dose dependent manner. Large amounts 

of nNOS-derived nitrate/nitrite/NO can induce neuronal proliferation while modest 

nitrate/nitrite/NO amounts (mainly eNOS-derived) appear to be both proliferative and 

differentiating 11. Results shown in this study suggest an apparent fine stereochemical 

modulation by the flavanols since (-)-Epi induced a 25% lower eNOS activation, 40% lower 

nitrate/nitrite, less NGF and NeuN levels but greater NF200 levels (i.e. differentiation).

Past research has revelated that the consumption of flavonoids improves cognitive 

capabilities through cellular processes such as enhanced of capillary/vascular flow, inhibition 

of cholinesterases, modulation of free radicals and signaling pathways implicated in 

cognitive and neuroprotective functions (i.e. ERK and PI3K/AKT) 66. Flavonoid effects on 

cognitive performance may also be secondary to the stimulation of neurogenesis as suggested 

by our results. Increases in Y-maze spontaneous alternation in (-)-Epi and (+)-Epi mice 

demonstrate improved frontal cortex working memory function. Since the total number of 

arm entries was similar between groups, we eliminated the confounding influences of 

locomotor hyperactivity. Studies have demonstrated that frontal cortex memory contributes 
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importantly to the organization and integration of information that supports episodic memory 

67 and its capability to use information from past events.

Conclusion

In conclusion, we provide provocative evidence for the stimulatory effects of (-)-Epi and (+)-

Epi on adult mouse frontal cortex neurogenesis, a phenomenon that may be dependent on 

nitrate/nitrite production. Results support the idea that (+)-Epi and (-)-Epi positively impact 

brain function as spatial working memory is improved. These results set the stage for the 

future testing of the flavanols in the setting of normal and impaired brain function. 

Furthermore, both compounds have been tested in humans with no apparent adverse effects 

24 and thus, may be considered in the implementation of long-term clinical trials to evaluate 

their effects on cognitive function.
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Figure 6
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Figure legends 

Figure 1. Chemical structures of (-)-epicatechin (A) and its enantiomer (+)-epicatechin (B).

Figure 2. Effects of (-)-Epi and (+)-Epi treatment (1 mg/kg, or 0.1 mg/kg 15 days) on frontal 

cortex neurogenesis markers. A) neuronal specific nuclear marker (NeuN), B) Doublecortin 

(DCX) assessed by immunostaining and C) Graphical representation of positive cells stained 

either with NeuN (left) or DCX (right), D) representative nerve growth factor (NGF) and 

microtubule associated protein (MAP-2) Western blot images. For immunohistochemistry, 

each column represents mean ± SEM of 12 digital images from 6 nonconsecutive sections of 

5 animals/group. For Westerns, GAPDH protein levels were used for normalization purposes. 

Statistical differences were assessed using ANOVA and Tukey post hoc analysis. n=7/group, 

* p< 0.05.

Figure 3. Effect of (-)-Epi and (+)-Epi (1 mg/kg, or 0.1 mg/kg 15 days) on frontal cortex 

capillarity as reflected by CD31 immunostaining density and Western blot. In the 

representative images A) (upper panel), arrows indicate examples of polygonal-shape 

positive staining. In the quantitative analysis of CD31 (lower panel), each column represents 

mean ± SEM of 12 digital images from 6 nonconsecutive sections of 5 animals/group. B) 

representative CD31 Western blot images (n=7 animals/group). For Westerns, GAPDH 

protein levels were used for normalization purposes. Statistical differences were assessed 

using ANOVA and Tukey post hoc analysis, * p< 0.05.
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Figure 4. Effects of (-)-Epi or (+)-Epi (1 mg/kg, or 0.1 mg/kg 15 days) on Nitrites/Nitrates 

production in the brain frontal cortex of adult mice. A) Nitrites/Nitrates levels evaluated 

fluorometrically. B) Representative Western blot images of eNOS protein levels, 

phosphorylation of Ser1177 (left lower panel) and their quantification. C) Representative 

Western blot images and analysis of nNOS protein levels, phosphorylation at Ser1417 (left 

lower panel) and their quantification. GAPDH protein levels were used for normalization 

purposes. D) Correlation analysis of p-eNOS/p-nNOS levels vs. nitrites/nitrates with either 

(-)-Epi (n=7 left) or (+)-Epi (n=7 right) treatment. Data are expressed as mean ± SEM. 

n=7/group, * p<0.05.

Figure 5. Effects of (-)-Epi and (+)-Epi (1 mg/kg, or 0.1 mg/kg 15 days) on brain cortex 

neurofilament markers. A) Immunofluorescence images of the neurofilament marker NF-200 

and their quantitative assessment (lower panel) are shown. B) Representative Western blot 

images and analysis of NF200 protein levels. For immunostaining, each column represents 

mean ± SEM of 12 digital images from 6 nonconsecutive sections of 5 animals/group. For 

Westerns, GAPDH protein levels were used for normalization purposes. Statistical 

differences were assessed using ANOVA and Tukey post hoc analysis. n=7/group * p< 0.05.

Figure 6. Effects of (-)-Epi and (+)-Epi (1 mg/kg, or 0.1 mg/kg 15 days) on spatial work 

memory. A) Comparison of spontaneous alternation and B) total number of arm entries in Y-

maze in vehicle vs. (-)-Epi and (+)-Epi treated mice. Columns represent mean ± SEM of an 

8-min session of 6 animals/group. C) Pearson’s analysis showing no correlation between 

spontaneous alternations and total arm entries in each group.  Statistical differences were 

assessed using ANOVA and Tukey post hoc analysis. * p< 0.05. n=7/group * p< 0.05.

Page 32 of 32Food & Function


