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From the Editor
Examine.com has recently reached a milestone of one mil-
lion visitors per month. Milestones and goals are often 
completely arbitrary round numbers (Yay, I’m at 10% body 
fat! Oooh, gotta get 10,000 steps per day). But they also offer 
an occasion for reflection. The question we’ve been asked 
most this month is:

Congrats! Having shaken things up the past few years, what 
changes would you like to see in supplementation and nutri-
tion, in [arbitrary number of years]?

This is a trick question. Or rather, I’m going to give an 
answer assuming it’s a trick question.

Everyone is an armchair quarterback when it comes to food 
and nutrition policy. But creating policy for a country of 
extreme diversity in income, knowledge, health, and many 
other variables? That’s tough.

Examine.com is the Switzerland of the nutrition and sup-
plement world. We focus on research, and try to translate 
it to the best of our ability. Sometimes even Switzerland 
gets pulled into quibbles, but by and large we are a group of 
nerds who read papers, read papers about those papers, and 
then read more papers. 

We don’t claim to know for sure what you should eat for 
optimal health. Nor do we claim to know how your gov-
ernment should craft its health policy, or what advice your 
physician should give. If anybody from our team is on a 
podcast, they provide their own views, not Examine.com’s 
views. Examine.com doesn’t really have views, except in the 
meta sense that putting ink on paper (or words on a web 
page) indicates an opinion.

What do we want to see changed in the next few years? We 
want people to be better informed, and we want to help 
people foster their sense of curiosity over niggling method-
ological details (should we rely on p-values so much? When 

are meta-analyses inappropriate?) as well as the big picture 
(Do macros matter that much? Is nutrition THAT import-
ant, or should we transfer some of that focus to improving 
sleep?).

Examine.com is in a position now where we can legit-
imately help a large number of people. There are some 
obstacles. The Internet is what allowed us to come into 
being, but it also provides nearly unlimited amounts of 
distraction. Ideally, people would take time out of their day 
to learn some basics about research, and then we could 
delve into deeper and deeper topics. But people have busy 
lives, and it’s a priority of ours this year to make informa-
tion more accessible, no matter who’s reading it. We want 
to be as useful as possible to people looking for high quality 
information.

Okay, back to the main topic. Milestones, goals, and reflec-
tions. We’ve come this far by keeping a finger on the pulse 
of our readers, and providing information that can be used 
to help you figure out diet and supplementation. Our goal 
for the next few years is to provide more and more com-
prehensive information, and to keep honing our existing 
information until it’s gleaming with accuracy (that’s not an 
analogy that people use, is it?). We’re excited to do the work, 
and hope you’re excited to read it. 

Kamal Patel, Editor-in-Chief
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Can you go too nutty 
over pistachios?

Influence of pistachios on performance and 
exercise-induced inflammation, oxidative 

stress, immune dysfunction, and metabolite 
shifts in cyclists: a randomized, crossover trial

Introduction
Pistachios are a popular nut that contain protein, fat, and carbohydrates, as well 
as a wide range of micronutrients and antioxidants that have been associated with 
decreased levels of oxidative stress and inflammation. Although exercise-induced 
oxidative stress is an important part of training adaptations, it is possible that 
reducing excess inflammation could be beneficial for performance. This study is the 
first to investigate the effects of pistachios on athletic performance.

Th
is

 is
 a

 c
om

pl
im

en
ta

ry
 c

op
y 

of
 th

e 
E

xa
m

in
e.

co
m

 R
es

ea
rc

h 
D

ig
es

t.

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0113725
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0113725
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0113725
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0113725
http://www.ncbi.nlm.nih.gov/pubmed/16580587
http://www.ncbi.nlm.nih.gov/pubmed/19647416
http://ajcn.nutrition.org/content/99/2/276.long
http://ajcn.nutrition.org/content/99/2/276.long
http://www.ncbi.nlm.nih.gov/pubmed/11579750


6

The researchers expected to find that consuming three 
ounces of pistachios per day for two weeks before a 75 
kilometer (46.6 mile) cycling time trial would improve 
performance due to reducing inflammation, oxidative stress, 
and immune dysfunction. Though you might assume that a 
study funded by American Pistachio Growers would sup-
port pistachio consumption, you may want to read on for a 
few surprises.

Pistachios are known to influence oxidative stress 
and inflammation, which are also related to ath-
letic performance. To our knowledge, the direct 
effect of pistachio intake on performance has not 
been tested until now.

Who and what was studied?
This study used 19 trained, competitive cyclists in a 
randomized, non-blinded crossover design. While “dou-
ble-blinded” studies are preferred (when neither the 
researchers or the subjects know who is receiving the 
intervention and who isn’t), some treatments are difficult 
to double blind. Pistachio ingestion, for example, is not 
feasible to test in a double-blind study unless, perhaps, the 
pistachios were ground into powder and encapsulated. 
Although that method wouldn’t really mirror how pista-
chios are normally eaten, and unsurprisingly food studies 
are almost never double-blinded.

The subjects were all males, ages 27-49 years old, who reg-
ularly compete in road cycling races and thus are fully 

capable of cycling 50 miles at ‘race pace.’ During the study 
period (six weeks) the subjects continued their normal 
training program, and avoided using large doses of vitamin 
and mineral supplements, herbs, and medications. 

These guys were quite fit, with an average VO2max of 51.5 
ml/kg/min and typical training load of 120 miles per week. 
Their mean body fat, measured by Bod Pod, is compared to 
other samples measured by DXA in Figure 1. As a caveat, 
recent research has shown that Bod Pod measurements can 
sometimes differ from the DXA gold standard, especially 
in very lean individuals. To provide some context to these 
indicators of fitness, these subjects are not paid professional 
cyclists but take cycling very seriously and train on a regular 
basis. For comparison however, the cyclists in last month’s 
ERD article on sodium phosphate supplementation had an 
average VO2max of 71 ml/kg/min and were riding about 208 
miles a week, indicating a considerably higher level of fitness. 

The cyclists performed two 75 kilometer cycling time trials 
after two weeks of pistachio (three ounces per day) or no 
pistachio supplementation, with two weeks between each 
portion of the study (often referred to as a ‘washout period’). 
Participants completed both arms of the study and served as 
their own controls. 

Leading up to each trial, the cyclists were asked to taper 
their training volume, as if they were preparing for a race. 
They were also asked to restrict consumption of high fat 
foods and other nuts. One aspect of the study that is dif-
ferent from daily practice is that the participants came to 
the lab in a fasted state and ingested either water only or 

Figure 1: Body fat percentages in different samples
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three ounces of pistachios with water (1.5 ounces before 
and 1.5 ounces after exercise). Most cyclists would normally 
consume about 30-60 grams of carbs per hour during a 75 
kilometer race. However, this difference shouldn’t drasti-
cally affect results, as both groups were fasted and didn’t 
consume additional carbs during exercise (beyond the 1.5 
ounces of pistachios).

Male cyclists were randomized to supplement 
three ounces of pistachios per day for two weeks 
in a crossover trial before undergoing a 75 kilo-
meter time trial. The pistachio group also ate 
three ounces of pistachios before and during the 
trial. There was a two week washout period before 
the participants assigned to the no pistachio 
group switched over to the pistachio protocol, and 
vice versa.

What were the findings?
Surprisingly, as seen in Figure 2, performance times were 
4.8% slower after participants consumed three ounces of 
pistachios per day for two weeks! Additionally, oxygen con-
sumption was lower in the pistachio versus water trial, and 
there was a trend towards reduced power output (p=0.114, 
which means that while there was a difference, there’s rough-
ly an 11% probability of getting results just like this by luck). 

Data from three-day food logs showed many differences in 
energy and nutrient intake between groups. This occurred 
even though the only differences in daily nutritional intake 
should have been the three ounces of pistachios (about 480 
kcals). Energy intake was 35% higher during the pistachio 
period compared to the no-pistachio supplementation peri-
od (3,064 vs 2,261 kcals a day), and higher intakes of total 
fat, carbohydrate, protein, fiber, vitamin B6, folate, potassi-
um, iron, copper, magnesium, zinc, and molybdenum were 
reported in the pistachio group. Although not always ideal, 
three-day food logs have been considered adequate for most 
research purposes. 

It is interesting (and unexpected) that the additional pista-
chio intake wasn’t naturally counterbalanced by a reduced 
intake of other foods. The only directive study participants 
received regarding food intake was to prepare as if they 
were getting ready for a race. It’s also possible that pista-
chios, like almonds, have overestimated caloric values. If the 
baseline weight of the participants was maintained during 
the water-only portion of the study on 2,261 kcals a day, the 
additional calories reported during the pistachio arm of the 
study “should” have caused around 3.2 pounds of weight 
gain in two weeks. While the before and after weights were 
not reported, the authors stated that body weights were 
maintained throughout the study. It seems likely that either 
pistachios really spur overeating, or there are serious report-
ing errors in the daily calorie intake values, so they probably 
should not be given too much weight. 

One of the coolest things about this study is the use of 

Figure 2: Performance time for 75-km trial
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metabolomics to determine why performance may have 
been affected. Metabolomics is an emerging area of research 
that allows the study of metabolites that are present within a 
biological sample (namely a biological fluid, or tissue), and 
is put into the context of related “omics” terms in Figure 
3. Analysis detected 423 compounds, with post-exercise
increases for 167 metabolites, 19 of which were significantly
attributable to pistachio intake. The greatest post-exercise
differences were found for raffinose, sucrose, and 9,10-dihy-
droxyoctadec-12-enoic acid (9,10 DiHOME).

Raffinose is an oligosaccharide made up of galactose, glu-
cose, and fructose that is also found in other nuts and 
legumes. Raffinose serves many functions in the human 
body, including acting as a prebiotic leading to short-chain 
fatty acid production and the growth of ‘good bacteria.’ 
However, raffinose was significantly elevated post-exer-
cise in the pistachio group only and was associated with 
increases in the plasma leukotoxin (substance which has 
destructive effects on white blood cells) 9,10-DiHOME. 

9,10-DiHOME is generated by neutrophils and associated 
with mitochondrial dysfunction, increased cellular oxidative 
stress, and apoptosis (cell death). Although mitochondrial 
function was not measured in this study, this is a reasonable 
mechanism for explaining the observed performance dec-
rements. Plasma raffinose was also strongly correlated with 
oxidative stress indicators, including allantoin and azelaic 
acid, during the pistachio trial.

Extended and intense exercise can cause increased intes-
tinal permeability (or leaky gut). Plasma sucrose, which 
was elevated nearly four-fold after exercise in the pistachio 
group only, can be used as a biomarker for this. The sucrose 
was likely hanging out in the colon of pistachio-eaters due 
to frequent consumption over two weeks, and was translo-
cated to the blood due to intestinal permeability caused by 
exercise. Other metabolites that were increased post-exer-
cise in the pistachio trials compared to water included: 

• Two secondary bile acids (used in fat breakdown)
• A product of uric acid oxidation (allantoin, which

Figure 3: Metabolomics and other “omics”
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promotes wound healing and fights infection as well as 
affecting insulin secretion)

• Leucine and products of amino acid and fatty acid
metabolism

• Two lysolipids (products formed by the hydrolysis of
phospholipids)

• Myo-inositol, which is a food component of pistachios
involved in cellular signalling

The pistachio group was almost 5% slower than 
the non-pistachio group, and showed signs of 
increased oxidative stress and a leaky gut.

What does the study really 
tell us?
Two weeks of pistachio nut ingestion was associated with 
worse 75 kilometer cycling time trial performance and 
increased post-exercise plasma levels of metabolites that 
are associated with leaky gut, leukotoxic effects, and oxi-
dative stress.

Both groups arrived at the lab in the fasted state, and con-
sumed water only, or water and three ounces of pistachios 
(1.5 ounces before starting and 1.5 ounces at the one hour 
mark of the test) during the test. While riding 75 kilometers 
in a water-only fasted state is certainly not ideal, it is diffi-
cult to determine what exactly lead to differences between 
groups. The decrease in performance in the pistachio group 
could have been due to the chronic (two-week) ingestion of 
pistachios, or it could have been due to the pistachio group 
consuming 175 kcals of fat both before and during the 
trial, which would engage the digestive system and possibly 
impact performance. 

Consuming 480 kcals of nuts during a cycling time trial 
may very well have influenced the performance declines, 
however the increases in metabolites was likely due to the 
chronic consumption, as it takes a number of hours for the 
ingested nuts to make it through to the colon. 

The pistachios consumed during the trial provided only 
eight grams of carbs, in the form of sugar and starches, and 
so it is unlikely that this would have provided any ergogenic 
effect. The athletes would need to have consumed at least 
16 grams of carbs per hour of exercise to have a meaningful 
advantage over the water only group. The lack of meaning-
ful carb intake is also supported by the respiratory exchange 
ratio (RER, a measure of the percentage of carbs and fat 
being burned for fuel) being the same in both groups. It is 
also not likely that the study outcomes were influenced by 
any training effects between trials, as all participants were 
experienced cyclists who rode at high intensities for 75 kilo-
meters or longer on a regular basis.

It can be inferred from the metabolomics analysis that the 
post-exercise increases in plasma raffinose, sucrose, and 
myo-inositol during the pistachio portion of the study were 
largely due to exercise-induced increases in gut permeabil-
ity and increased oxidative stress (with pistachios adding 
fuel to the fire), as biomarkers of these were not elevated in 
the water-only trial or prior to the exercise test. Like genetic 
testing for personalizing dietary recommendations, metab-

 The athletes 
would need to 
have consumed 
at least 16 grams 
of carbs per hour 
of exercise to have 
a meaningful 
advantage [...]
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olomics offers a potentially useful tool for personalizing 
dietary recommendations, particularly for elite athletes.

Due to the study design, it is hard to tell how much 
chronic pistachio versus pre-exercise consumption 
contributed to the observed performance declines. 
The increases in gut permeability and oxidative 
stress appeared to be largely exercise-induced. The 
methods used in this study point to metabolomics 
being useful to determine dietary recommenda-
tions for elite athletes in the future.

The big picture
“The adverse effect of pistachio ingestion on performance 
may be related in part to the linkage between raffinose 
release from the colon, increased 9,10 DiHOME genera-
tion, and altered mitochondrial function.”

After two weeks 
of daily pista-
chio ingestion 
by trained male 
cyclists, cycling 
time trial perfor-
mance decreased 
by nearly 5%. 
Metabolomics 
analysis revealed 
increased gut 
permeability 
based on gut-derived raffinose, sucrose, and myo-inositol 
being present in the systemic circulation, which may have 
contributed to the performance decline. Or the decline 
could have been related to other aspects of pistachio-eating. 
Put simply, don’t eat 500 kcals of pistachios before going out 
to ride your bike as fast as you can!

The increases in plasma raffinose and sucrose (which are 
suggestive of increased gut permeability) were evident 

after exercise during the pistachio trial but not during the 
water-only trial. Plasma sucrose was trending towards being 
increased (not statistically significant, but perhaps would 
have been after a longer period of time) in the morning 
before the exercise trial. This could imply that the pistachio 
supplementation was having an effect that was then exacer-
bated by strenuous exercise. 

Plasma 9,10 DiHOME was increased before the exercise 
trial started, after two weeks of pistachio supplementation. 
This was possibly due to the increased intestinal perme-
ability, which may have compounded during the normal 
training the cyclists had been doing during that two-week 
supplementation period. 

It is unfortunate that there was not a control group which 
consumed pistachios for two weeks but did not partake in 
any exercise during that period. Another possible compari-
son group could have been a group that only ate pistachios 
around race time, not in the weeks prior to the race. The 

trial ended up 
combining 
chronic and acute 
pistachio con-
sumption, and 
hence can’t make 
strong conclu-
sions for either 
one.

For real-life 
endurance exer-
cise enthusiasts, it 

is possible that supplementing with vitamin C or probiotics 
could help mitigate some of the harmful effects of exercise 
induced leaky gut. 

Metabolomics, an emerging area of research, has been also 
used to study the effects of exercise in type 1 and type 2 dia-
betes, as well as the effects of polyphenol supplementation. 
While it’s interesting to analyze the multitude of different 

Put simply, don’t eat 500 
kcals of pistachios before 
going out to ride your bike 
as fast as you can!
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metabolites than can change depending on an intervention, 
there are downsides to this approach. 

Specifically, metabolomic studies aren’t always focused on 
hypothesis-driven research. For example, this study didn’t 
start with a hypothesis on raffinose and 9,10-DiHOME 
levels, and wasn’t driven by some previous observation or 
correlation. It is interesting that many metabolite levels 
changed, but causality cannot be assessed very well, and it 
isn’t yet clear how to interpret metabolomic studies in the 
context of other randomized trials.

Pistachios and exercise seem to correlate with 
performance decreases, in addition to increases 
in oxidative stress and gut permeability. Based on 
other research, these issues could be mitigated by 
vitamin C or probiotic supplementation.

Frequently asked questions
What about other nuts? 
Raffinose is also present in almonds, cashews, and hazel-
nuts. One could speculate that consumption of nuts other 
than pistachios could lead to similar raffinose release from 
the large intestine during strenuous exercise, as well as 

increased 9,10 DiHOME generation potentially leading to 
mitochondrial dysfunction.

How can I reduce raffinose intake? 
Aside from tempering your nut consumption, be aware 
that raffinose is also found in most legumes. Germinating 
legumes will remove raffinose while increasing the bio-
availability of protein, as well as vitamins and minerals. 
Many stores sell germinated dry beans if you don’t want to 
germinate your own. Beano and other sources of alpha-ga-
lactosidase will also digest raffinose. 

What I should know?
Pistachios can be part of a healthy diet, but consuming 
them every day alongside with intense exercise could be a 
bad idea. This is particularly true for athletes who struggle 
with GI discomfort (cramping, bloating, etc.) during and 
after exercise. 

This study is challenging to interpret because of the design 
limitations. Testing both groups under similar condi-
tions would have made the results easier to extrapolate. 
This could mean both groups racing fasted, or giving the 
water-only group a small meal similar in kcals and mac-
ronutrients to the pistachios consumed. It is difficult to 
compare a group consuming nearly 500 kcals to a group 
who had been fasted since the previous evening. 

In a nutshell (get it? nutshell?), it seems that neither exercise 
on its own nor pistachios on their own were problematic, 
but combining strenuous exercise with regular pistachio 
consumption may work synergistically to cause gut (and 
potentially mitochondrial) dysfunction. Further metabo-
lomic studies like this one may help explain why different 
individuals experience different performance effects as a 
result of what they eat. ◆

The authors expected a performance increase from pis-
tachios and found the opposite. Nuts, eh? To discuss this 
more, head to the Facebook ERD forum. 

 Testing both 
groups under 
similar conditions 
would have made 
the results easier 
to extrapolate.
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Sex matters.
By Helen Kollias, Ph.D.

Let’s start with some basic terms. Gender is NOT a biological term. It’s a socio-cul-
tural term. Genders are man and woman. Sex is biological: XX and XY (female and 
male). Sex differences are biological differences. Gender can impact physiology. 
Nearly anybody talking about gender differences really means sex differences. I’m 
going to talk about sex differences.

Sex differences? Sure, you learned all that back in a very uncomfortable sex ed class 
and from your older cousin. I’m talking about more than anatomical differences. 
For example, average girls experience a drop in relative VO2 max right before they hit 
puberty because being physically active isn’t ladylike, but there is no biological reason! 
It’s purely socio-cultural.

Over 2000 years ago, Hippocrates knew there were sex differences (females don’t get 
gout until post-menopause), but somehow we stopped looking. Why? Why are we 
pretending there’s no differences?

Even after mandates issued by Health Canada in 1997 and the FDA in 2010 in an 
effort to include females in studies, women remain understudied, because it’s a pain in 
the ass and it costs money. Including both females and males in a study increases the 
study’s complexity. The menstrual cycle must be taken into account (even in animals 
with a 6 day cycle – talk about a pain). It cost more money because you need more 
people (or animals) to not only conduct the study, but figure out if there are sex differ-
ences as well.

Males are also understudied in certain research areas, like breast cancer and hemicranias. 

Ironically, there are more and more studies finding links between genetic polymor-
phisms, while relatively little is known about sex differences. Sex chromosomes are 
5% of the total genome. The Y chromosome has about 50-60 coding genes, while X 
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has about 800-900 coding genes. In the time of personalized medicine, having 
a whole different chromosome isn’t enough to look at individualization, but 
finding a single difference in a nucleotide is pursued.

There are known sex differences in coagulation (blood clotting), innate immu-
nity, synthesis of norepinephrine, androgen sensitivity, energy metabolism, 
blood pressure and apoptosis (programmed cell death). Add sex steroid (hor-
mone) differences and you can have significant differences in physiology and 
response to supplements and pharmaceuticals.

Despite new mandates for equal study of males and females (in people and 
animals), only 25-45% of participants are female in human mixed studies. In 
2007, the journal Pain looked over studies of the past 10 years and found 79% 
of the animal studies were in male animals only, with only 8% using females 
only (if you’re quick with the math that leaves 13% unaccounted for – 9% were 
unspecified and only 4% looked at sex differences). Even cells cultures tend to 
come from male animals since females are used for breeding and have a hor-
monal cycle that may confound findings.

Big deal. You may be thinking that everything seems to be okay. But the dif-
ferences can matter. These differences manifest themselves in adverse drug 
reactions and drug recalls. Females are underrepresented in clinical trials, 
which may explain why eight out of 10 prescription drugs are withdrawn from 
the market due to adverse reactions in women (between 1997-2001). Women 
have 1.5 to 1.7 times the risk of adverse drug reactions.

Women have higher gastric pH with faster gastric and bowel transit times. 
Those factors alone impact drug and supplement bioavailability. 

There are sex differences in liver function. Women have double the amount of 
CYP3A4, a metabolizing protein, in their livers. More CYP3A4 means fast-
er clearance of xenobiotics (foreign substances, be it drugs or supplements). 
Cyclosporine, erythromycin, tirilazad, verapamil, nifedipine, diazepam and 
alfentanil are known to have higher clearance rates in females. 

Even when you just look at the cell, sex differences can be found. Stem cell 
researchers floundered for years, trying to figure out why sometimes stem cell 
studies found incredible results and other times they found nothing. It seemed 
random, until in 2007 Johnny Huard figure out sex mattered. Muscle stem cells 
from female mice performed better than male mouse muscle stem cells when 
transplanted into diseased mouse muscle of either sex. 

 [...] eight 
out of 10 
prescription 
drugs are 
withdrawn 
from the 
market due 
to adverse 
reactions in 
women
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Even cells before exposure to sex hormones are different. 
Female rat cells are more sensitive to things that cause cell 
death (apoptosis) and ethanol. Male rat cells are more sensi-
tive to low oxygen and ischemia.

I study sex differences in low and high carb diets and glyco-
gen depletion in exercise. I completely get why researchers 
avoid sex differences. Unless you are studying sex differ-
ences, it causes a new layer of complexity and analysis. Do 
you match body weight, lean body weight, or just correct for 
them? Do you look at the luteal phase or follicular phase for 
the females? Maybe both, just to be safe. Your study is now 
three times larger (men, women – luteal, women-follicular). 
How about post-menopausal? Crap.

While it’s understandable to avoid doing the research, it’s 
plain lazy and androcentric to assume that what we know 
about males can be applied to females. Unless there’s evi-
dence supporting that idea, we just don’t know. ◆

 [...] it’s plain lazy 
and androcentric 
to assume that 
what we know 
about males can 
be applied to 
females.

Helen has a doctoral degree in Molecular Biology from York University, 
specializing in muscle development and regeneration. She has 
has her MSc in exercise physiology and biochemistry and a BSc in 
biochemistry.

She has worked in the lab at the Hospital for Sick Children in Toronto, 
as well as with Precision Nutrition, writing their Research Review 
column. Her job is to translate lab work and clinical studies into infor-
mation that real people can use to improve their lives.

Helen is also a former varsity soccer athlete, a certified Level II NCCP (National Coaching Certification of 
Canada) soccer coach, and has been involved in fitness and weight training for over 16 years.
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D-Serine: The 
anti-ketamine?

Behavioral and cognitive effects 
of the N-methyl-d-aspartate 

receptor co-agonist d-serine in 
healthy humans: Initial findings

Introduction
The science of biology has a long, proud history of progressing by breaking things. 
For example, a chemical that knocks out brain function is now starting to tell us 
about how the brain functions.

Ketamine was first used as a high-dose dissociative anesthetic, first tested in a prison 
population in the mid-1960s. Thirty years later, it was used at lower doses to uncover 
some interesting information about how the brain works. Ketamine binds to a gluta-
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mate receptor in the brain known as the N-methyl-D-aspartate 
receptor (NMDAR), and reduces its activity. When the recep-
tor was blocked with ketamine in the brains of healthy people, 
symptoms related to schizophrenia were observed, in addition 
to impaired cognition, which implies that the NMDAR may 
play a role in psychiatric and cognitive disorders.

If blocking the NMDAR induced schizophrenia-like 
symptoms, then perhaps stimulating it could help reduce 
symptoms of schizophrenics. This hypothesis has been tested, 
and a recent meta-analysis found that several compounds 
that increase the function of the NMDAR show promise in 
helping to treat schizophrenia. One of these compounds is 
D-serine, an enantiomer (mirror image) of L-serine, one of 
the amino acids used as a building block of proteins.

Thanks to past research, we know what happens when we 
block the NMDAR with ketamine in healthy people. And 
we know what happens when we stimulate it with D-serine 
in people with schizophrenia. However, little is known 
about what happens when we stimulate the NMDAR in 
healthy people. This is exactly what the authors of this study 
intended to find out.

D-serine increases the function of a recep-
tor in the brain known as the NMDA receptor 
(NMDAR). However, little is known about how 
D-serine would affect a healthy human population.

Who and what was studied?
Since D-serine stimulates the NMDAR and ketamine 
blocks it, the authors hypothesized that D-serine would 
lead to effects that are the exact opposite of ketamine in 
healthy people, specifically by enhancing attention and 
memory. The main purpose of this study was to examine 
the cognitive effects of D-serine in healthy people, using a 
randomized, double-blinded placebo-controlled crossover 
design. That’s a mouthful, so let’s go over the details. 

Overall, this is a quite rigorous study design, on par with 
those used for drugs. But what makes it rigorous? For one, 
neither the participants nor the researchers knew who was 
getting placebo and who was getting D-serine until the end 
of the study. That’s what’s meant by double-blinded. Also, 

Enantio…what?

Figure 1: D-Serine and L-Serine 
are mirror images

Take a look at your hands. If you try to put one hand on 
top of the other, they don’t overlap exactly. In fact, they 
are mirror images of each other. If you took a reflection of 
your left hand, it would overlap with your right.

Molecules can behave in the same way. Even though two 
molecules may have all the same atoms, the atoms can 
be attached in a way such that they are mirror images of 
each other. These types of molecules are called enantio-
mers, and these small differences molecularly can make 
big differences biologically! 

The body tends to be pretty picky about enantiomers. 
For instance, while D-serine and L-serine are both ami-
no acids, they are mirror images of each other (as seen 
in Figure 1) and the body can tell the difference: only 

L-serine is used in building proteins. The study of how 
the atoms of molecules are arranged in space is called 
stereochemistry, and stereochemistry plays a pretty 
large role in how biology works.
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systematic differences due to different ordering were minimized by random-
izing some people to get placebo first, while others got D-serine first. Finally, 
the crossover design means that everybody eventually got both placebo and 
D-serine, so that effects of D-serine could be compared to placebo within the 
same person, with the results then averaged across all participants.

The participants were recruited from universities, and the study excluded 
people with a history of psychiatric or medical problems. The final selected 
participants were mostly in their mid- to late-twenties and included 13 wom-
en and 22 men, for a total of 35 participants, which makes this a somewhat 
small study (although the authors note that this is the largest study evaluating 
the effects of D-serine in healthy people to date).

All the participants were given baseline assessments of cognition and mood. 
Mood was measured using a visual analog scale (VAS). This is a fancy term 
for a line on a page labelled “0” on the left and a “10” on the right. Each 
person was asked to make a mark on the line signifying how much they are 
currently experiencing a given emotion, with “0” meaning “not at all” and 

“10” meaning “the most ever.” Cognition was measured using a battery of 
different tests measuring different aspects of cognition. The researchers 
were particularly interested in two of these: the Continuous Performance 
Test – Identical Pairs (CPT-IP) and the Rey Auditory Verbal Learning Test 
(RAVLT). Since ketamine was previously seen to induce deficits in similar 
measures of cognition, and D-serine was predicted to behave as a kind of 

“anti-ketamine,” these measures were thought to be most significant. The the 
researchers expected to see the opposite effects that ketamine produces in 
these measures. 

Two other cognitive tests were given to test concentration and short-term 
memory, but were considered to be secondary to the tests listed above. 

After these baseline tests, the participants waited two to three weeks. Then, 
some of the participants were randomly selected to take 2.1g of D-serine 
orally, while the others got placebo. Two hours after the dose was taken, the 
participants were given the same series of tests described above. After waiting 
another month to let the D-serine (or placebo) wash out of their systems, the 
participants who previously took D-serine then took placebo, and vice versa, 
and the same tests were again administered. 

Blood tests were taken at baseline and after taking drug or placebo to mea-
sure the levels of D-serine in the bloodstream, to make sure it was absorbed. 

How does D-serine 
“stimulate” the NMDAR?

It actually doesn’t stimulate the receptor 
directly. That’s what glutamate does, 
and why the NMDAR is known as a “glu-
tamatergic” receptor. 

In order for glutamate to fully activate 
the receptor, D-serine or glycine has to 
bind to a different part of the receptor 
called the NMDAR-GLY (for glycine) site. 
When D-serine binds here, it changes 
the shape of the receptor in such a way 
that glutamate can activate it. This pro-
cess is known by the term “allosteric 
modulation”, and is depicted in Figure 
2. D-serine happens to bind much more 
strongly to the glycine site of the NMDAR 
than even glycine itself.

Figure 2: The NMDA receptor
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Brain-derived neurotrophic factor (BDNF) and matrix 
metallopeptidase 9 (MMP-9), which regulate brain function 
and plasticity, were also measured, along with amino acids, 
which are involved in the glutamate pathway of the brain. A 
standardized side-effects scale was also administered.

Healthy people, mostly in their 20s, were random-
ized to take either placebo or 2.1g D-serine and 
were subjected to a battery of tests which mea-
sured mood and cognition. After waiting a month, 
those who previously took D-serine took placebo 
and underwent the same battery of tests, and vice 
versa. The goal was to test the effects of D-serine 
on mood and cognition.

What were the findings?
None of the measurements determined through blood 
tests changed from baseline in any of the groups, with one 
exception. When people took D-serine, their blood lev-
els of D-serine increased over 200-fold. While not exactly 
earth-shattering news, this at least confirms that D-serine 
is indeed absorbed into the blood when taken orally. The 
authors claim that this means that D-serine is “likely to 
result in increased CSF [cerebrospinal fluid] concentration 
and synaptic availability of [D-serine],” but do not provide 
direct evidence of this.

D-serine also affected anxiety and sadness levels. Anxiety 
significantly decreased from around 2.0 (out of 10) to 1.5, 
and depression significantly decreased from around 2.5 
to 2.0. Other measurements of mood weren’t affected by 
D-serine. The placebo group didn’t experience any signifi-
cant changes in mood at all.

D-serine supplementation did significantly increase one 
aspect of the CPT-IP score, known as “d-prime,” which 
reflects accuracy in identifying matching pairs. However, 
the reaction time when recognizing these pairs was not 
affected by D-serine. Thus, attention, which is what the 

CPT-IP is thought to measure, was somewhat affected by 
D-serine. The RAVLT, which measures verbal memory 
retention through interference, was also improved: partici-
pants were able to recall more words in the final step of the 
test when they took D-serine. Placebo had no effect on any 
of these measurements.

Some of the secondary cognitive outcomes were also 
positively affected by D-serine, specifically those testing 
numeric recall and visual memory. Placebo had no effect on 
these tests over baseline.

No adverse effects were seen in either the D-serine or place-
bo groups.

D-serine reduced sadness and anxiety while 
improving performance on a tests of attention, 
verbal memory and recall, and visual memory.

What does the study really 
tell us?
From all the positive results above, it sounds like D-serine 
improves important aspects of mood and cognition. 

 When people 
took D-serine, 
their blood 
levels of D-serine 
increased over 
200-fold. 
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However, we should take the limitations of this study into 
account before jumping to conclusions.

For instance, this study found a statistically significant 
reduction in sadness and anxiety. We should keep in mind 
that “statistically significant” does not necessarily mean that 
it makes a huge difference – it just means that the effect is 
unlikely to be due to random chance. In this case, the drop 
in anxiety and depression was only about half a point out 
of a scale of 10, which isn’t that big of a drop. Additionally, 
the participants in this study had pretty low levels of anx-
iety and sadness to begin with (about two to three out of 
10 on average). This wasn’t a particularly anxious or sad 
group of people. This makes sense, since people who had a 
history of psychiatric problems were excluded from partic-
ipating in this study. So, while one can infer from this study 
that D-serine can lower sadness and anxiety, keep in mind 
that the population of this study wasn’t too sad or anxious 
to begin with, and that the drop wasn’t that large. It isn’t 
known if this same absolute level of improvement (half a 
point) would happen with people who are more anxious 

or sad, if these people would have a proportionally greater 
level of improvement (such as one full point if their baseline 
levels were twice as high), or indeed if these people would 
benefit at all. As seen in Figure 3, NMDA agonists (like 
D-serine) and antagonists (like ketamine) can have differing 
and even opposite effects depending on who they are used 
on. Thus the effects of D-serine on more sad/anxious peo-
ple, especially those who are very depressed or anxious, is 
hard to predict. 

Also keep in mind that this study only looked at the effects 
of one dose of D-serine, two hours after it was taken. We 
cannot tell from this study alone how taking D-serine dai-
ly would affect these measures. In fact, ketamine itself has 
been shown to have a contrasting effect on anxiety, reduc-
ing it at low doses, but increasing it at high doses. This 
highlights the importance of evaluating the dose-response 
relationship of D-serine on NMDAR-related behavioral and 
cognitive effects before jumping to the conclusion that sup-
plementation would be beneficial regardless of the dose.

Figure 3: NMDA receptor hypo- and hyperfunction
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The magnitude of the cognitive measures and how they 
would translate to the real world should also be taken into 
account. For instance, the improvement in the RAVLT score 
in subjects who took D-serine represented about one extra 
item recalled, from an average of around 12 items recalled at 
baseline to 13 items with D-serine. This is a small, although 
statistically significant, improvement. It is also hard to 
translate this measurement to the real world. If a healthy 
student decided to take a dose of D-serine before studying 
for an exam, would they do better? One can’t tell from this 
study alone. 

This point is doubly-true for more abstract measures, such 
as d-prime in the CPT-IP; d-prime is a measure from sig-
nal detection theory which measures the signal-to-noise 
ratio. In the context of the CPT-IP, it measures how good a 
person is at identifying identical pairs of numbers quickly 
compared to non-identical pairs. While this is a rigorous 
measure that is very useful for scientific research, it is hard 
to say if it would translate to a noticeable real-life effect 
from D-serine supplementation.

In short, what this study does tell us is that D-serine seems 
to improve some aspects of mood and cognition. What it 
does not tell us is whether chronic D-serine supplementa-
tion would be of practical use or whether it would be safe in 
the long-term or outside of a young, healthy population.

While this study shows that D-serine improves 
some aspects of mood and cognition in young and 
healthy adults, it does not necessarily speak to its 
efficacy or safety as a supplement.

The big picture
In the last section, we discussed the difficulty in draw-
ing conclusions from this paper for the average person. 
Furthermore, the authors of this article state that “the effects 
[of D-serine] were overall modest and did not extend to 
all the measurements employed.” So, you may be thinking 

“what’s the use of this study, then?” This study is an excellent 
example of what the authors call “translational research.” It 
is this type of research that bridges the gap between basic 
and applied science and can lead to new breakthroughs 
down the road. In this context, the paper offers some inter-
esting insights.

First, it opens the door for future research into longer-term 
dosing of D-serine in healthy populations to see what it can 
do. Larger, longer trials can cost more in time and money. 
Shorter trials such as this help show that there may be some 
benefit and lets researchers know what to look for in larger 
trials, paving the way for future research.

For instance, ketamine reduces the activity of the NMDAR 
and is currently being studied as a treatment for depression. 
However, it is usually delivered intravenously and its safety 
profile isn’t well-understood. However, we do know that it 
has a host of negative side-effects, including cognitive dys-
function, increased anxiety, and dissociation. Surprisingly, 
D-serine reduced sadness in this study even though it 
stimulates NMDAR activity, which wouldn’t necessarily be 
expected given the benefits of reducing NMDAR activity via 
ketamine in some populations. Furthermore, it can do so 
when taken orally, and actually improves cognition instead 
of worsening it like ketamine does.

The finding that compounds that both stimulate and reduce 
the activity of the NMDAR can improve mood led the 
authors to speculate about how exactly this receptor func-
tions in depression and other disorders. Figure 3 shows the 
promise of the NMDAR as a target for various populations: 
certain people with depression, those with schizophrenia, 
and even some people with NMDAR function in the normal 
range, who may still have room for benefit if agonists like 
D-serine continue to perform well in trials. Too much or too 
little activity leads to problems. It needs to be within a cer-
tain range in order for everything to run smoothly, and that 
range is being actively explored. Little in translational sci-
ence is certain, but it is insights like these that could maybe, 
just maybe, lead to interesting developments down the road.
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D-serine improves feelings of sadness even though 
it helps stimulate the NMDA receptor. This is 
surprising given that ketamine blocks the same 
receptor. Insights like this can help pave the way 
for future clinical research.

Frequently asked questions
What are some safety concerns around D-serine? 
No adverse effects were seen in this study, but since this 
study only used one dose of D-serine in a healthy popu-
lation, the results don’t tell us anything about longer-term 
use. A four-week study found that high doses (120mg/kg 
per day) may lead to kidney issues. D-serine is also thought 
to play a role in pain, and could, in theory, exacerbate pain-
ful conditions, although there is currently no experimental 
evidence to suggest this. Another possible safety issue could 
be in epilepsy, since the NMDAR is known to play a role 

in seizures and stimulating it may induce or worsen epi-
lepsy in theory. There is little human evidence concerning 
D-serine and seizures, and the animal evidence is mixed. 
While D-serine has been implicated in some animal studies, 
other studies have shown that D-serine can either enhance 
the activity of anticonvulsant drugs or have short-term, 
minor anticonvulsant activity itself.

What’s d-prime, really, and how does it relate to the CPT-IP 
test? 
D-prime is a way to quantify how much signal there is 
compared to the amount of noise. Recall that the CPT-IP 
test flashed pairs of numbers and had the participants click 
a mouse when they saw a pair of numbers that matched 
each other as quickly as possible. D-prime can be calculated 
from how often the person correctly clicked (when the pairs 
actually matched – the signal) and how often the person 
incorrectly clicked when the pairs didn’t match or missed 
clicking when there was a matched pair (the noise).

We know that the NMDAR is activated by glutamate, which 
is why it’s known as a “glutamatergic” receptor. So why mess 
around with D-serine’s indirect effects when glutamate is 
what directly activates the NMDAR?  
Direct overstimulation of NMDARs by glutamate is toxic 
to nerve cells, and may play a role in a host of neurological 
diseases.

What should I know?
A single 2.1g oral dose of D-serine slightly improved anxi-
ety and depression, as well as some measures of sustained 
attention and the ability to hold words in short-term mem-
ory. The dose was well-absorbed orally, and didn’t lead to 
any noticeable side effects. This study is a good example of 

“translational research,” which helps to bridge basic science 
with future clinical developments. ◆

Put your cognitions to test by discussing this paper at the 
ERD Private Facebook forum!

 It is this type 
of research that 
bridges the gap 
between basic 
and applied 
science and 
can lead to new 
breakthroughs 
down the road.
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Fish oil or 
snake oil?

Fish oil supplements 
in New Zealand are 

highly oxidised and do 
not meet label content 

of n-3 PUFA

Introduction
There is a massive amount of research surrounding the 
potential therapeutic benefits of omega-3 polyunsaturat-
ed fatty acids (n-3 PUFAs). The main active n-3 PUFA 
compounds are docosahexaenoic acid (DHA) and eicos-
apentaenoic acid (EPA). The fish oil entry on Examine.
com is a substiantial compendium on the subject, with 
over 700 references. 

Oily fish typically have a high concentration of n-3 PUFAs, 
but many people also consume a fish oil supplement to 
increase their n-3 PUFA intake. Typical reasons for sup-
plementing with fish oil include increasing cognition, 
decreasing risk for cardiovascular disease, and decreasing 
levels of inflammation. Despite the impressive amount of 
research done on fish oil, conflicting results are still a con-
cern to both consumers and the medical community. This 
study may provide a piece of the puzzle as to why this may 
be happening. 
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A New Zealand research group performed a diagnostic 
survey of commercially available fish oil products that were 
all domestically acquired. The goal was to put the label 
accuracy of commercial fish oil supplements to the test. Do 
these commercial fish oil capsules have the listed amount 
of n-3 PUFAs? What is the level of oxidized PUFAs within 
each sample? 

Currently, there are no health-based standards that limit 
the intake of oxidized n-3 PUFAs from fish oil in the U.S. or 
Europe. The European Food Safety Authority set a standard 
that is based on the taste and smell of the consumer product. 
The problem with this metric is that capsules mask rancidity. 
Therefore, the consumer is unable to qualitatively tell the 
oxidative state of their fish oil, which would otherwise smell 
foul and taste terrible. It is worth noting that unless you 
cook up a fish right when you catch it (or it gets flash frozen 
and stored in darkness), there will be some amount of oxi-
dized PUFAs. 

Different processing methods (such as the addi-
tion of antioxidant compounds) increase shelf-life 
and prevent oxidation, but there is currently no 
bullet-proof method for the manufacturer or con-
sumer to prevent oxidation completely. 

Who and what was studied? 
The researchers gathered 32 different encapsulated fish oil 
products from local markets and excluded n3-PUFA prod-
ucts from other marine life (krill, calamary, algae, etc.). 
Products were manufactured in a variety of countries, and 
all were a minimum of 270 days away from the listed expi-
ration date. Interestingly, immediately after purchase, the 
capsules were removed from their respective packages and 
stored (for an undisclosed amount of time) in the refrigera-
tor, in the dark, until analyzed.

A short chemistry lesson 

Compared with saturated fat (which have no double bonds), PUFAs have 
multiple double bonds. Some of the most common fats, with a range of dif-
ferent double bond numbers, are shown in Figure 1. The double bonds in 
a PUFA decreases the stability of the molecule, making it more susceptible 
to chemical reaction via oxidation (going rancid). In fact, the more double 
bonds a PUFA has, the more likely it is to turn into the potentially harmful 
oxidation product called “peroxide” under the correct conditions (such as 
excessive heat, light, and air). So you’ll notice that highly-saturated fats like 
coconut oil can last for quite a while when stored at room temperature, due 
to having low PUFA content. 

Moreover, the increased double bond density also allows for many differ-
ent possible compounds to be produced from this spontaneous oxidation 
process. These PUFA-peroxide compounds are reactive and eventually 
gain stability when converted to secondary oxidation products (aldehydes 
and ketones). The oxidation of n-3 PUFAs is a complex chemical process 
that yields many different compounds, many of which lack comprehensive 
human study.

Figure 1: Double bonds in 
common fatty acids
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The researchers note that even though the fish oil products are manufactured in 
different countries, a majority of the raw material comes from “deep sea fish from 
the west coast of South America.” As such, this information may be translatable 
to other countries. 

The first diagnostic measure was simply determining the total amount of oil in 
the capsule by weighing the capsule full, puncturing it and evacuating the oil, and 
then subtracting the weight of the empty capsule. 

Next, the researchers measured the total amount of lipid peroxides (PV) in each 
brand. Oxidation products are produced in a series, starting with primary (per-
oxide), then secondary (aldehydes and ketones), and finally tertiary (full cleavage 
into shorter chained fatty acids). In this study, both the primary (PV) and sec-
ondary (AV) oxidation products were detected using color.

These two values (PV) and (AV) were used to calculate a Totox value, which is an 
internationally recognized metric for the freshness of food-grade oils. It is worth 
noting that the Totox value (and hence presence of oxidation products) is closely 
tied to oil smell and palatability, but its link with health outcomes is unknown.

Lastly, the researchers quantified the total amount of n-3 PUFA in each sam-
ple. The PV and AV experiments were used to calculate the amount of oxidized 
n3-PUFA, and a gas chromatograph was used to calculate the amount of unoxi-
dized n3-PUFA.

This study calculated the total amount of oil per capsule, the oxi-
dized PUFA, and the total amount of unoxidized N-3 PUFA, and 
then correlated these values with label claims and cost per gram.

What were the findings?
The researchers found that an alarming amount of fish oil products (greater than 
90%, as seen in Figure 2) tested below label claims for n-3 PUFA content. In fact, 
over two-thirds of the tested products contained less than 70% of the listed n-3 
PUFA amounts. Using the calculated Totox values, nearly 50% of the commercial 
fish oil products would have been considered rancid.

The more expensive products were not immune to false labeling, as they were not 
less oxidized than cheaper products. However, when compared to cheaper oils, 
the more expensive fish oils did have significantly closer label values for EPA and 

Using color to 
detect fish oil 

oxidation

The method used to detect oxida-
tion products is quite interesting, 
and uses color as a diagnostic tool. 
The peroxides (formed by fish oil that 
went bad) are reacted with iodide, 
to make (dissolved) iodine gas. This 
dissolved iodine gas turns the fish 
oil solution yellow/orange. 

When starch is added to this solu-
tion, it binds to the iodine and turns 
purple. The amount of purple is 
directly related to the amount of 
oxidized fish oil. Once the iodine 
is fully complexed with the starch, 
a molecule called thiosulfate is 
slowly added in, disturbing the 
iodine-starch complex and making 
the solution lose its color. When the 
color is lost, the amount of thiosul-
fate used to titrate the solution is 
directly related to the amount of pri-
mary oxidation products. 

AV were measured by mixing a 
chromogenic agent (a chemical 
that changes color when it reacts) 
with the fish oil products. The more 
AV present, the stronger the color 
change becomes. This newly formed 
complex can be measured by stan-
dard spectroscopy at 350 nM with a 
known coefficient to back-calculate 
the total amount of secondary oxi-
dation products.
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DHA in comparison to actual content. There was tremen-
dous variation though, and some of the most expensive 
products had nowhere near the n-3 PUFA that they claimed. 

Totox values (rancidity) and AV were correlated with total 
n-3 PUFA. This means that some the discrepancy between 
listed and quantified n-3 PUFA is likely due to oxidative 
damage. However, there was no correlation with PV values. 
This is not surprising because PV is a dynamic intermediary 
between n-3 PUFA and AV-PUFA. PV would be low both 
at the onset of oxidation and when the product is almost 
totally oxidized; therefore, the total amount of PV is not a 
reliable indicator of oxidation state. 

What does the study really 
tell us?
The fish oil products likely lack the listed n-3 PUFA 
amounts in part because of oxidative damage, rather than 
simple underdosing or because the product was adulterated. 
The raw material may have originally started out to specifi-
cations, but by the time it was packaged and put on the shelf, 
the damage had been done. 

But there may be other reasons that the fish oil was oxidized. 
For instance, the researchers “immediately” removed the 
the fish oil from its container after purchase and stored it 
in a dark fridge. Although this does slow oxidation rates, 
removing the capsules from the package essentially voids 
the expiration date. Further, the researchers did not specify 
the amount of time between the pooling of oil from mul-
tiple capsules and doing the analysis. There was also no 
mention of handling the material in dark conditions or in 
an anaerobic chamber. Thus, there is no way of knowing 
just how much oxidation had occurred as a result of the 
study conditions. 

Furthermore, because there is a known seasonal variation in 
the lipid content of fish, it is curious that for a given product, 
the concentration of fish oil does not change as a function 
of the expiration date (which is an indicator of production 
date). If the lipid concentration was standardized, then 
there would likewise be a seasonal flux in fish oil price, as 
processing becomes more expensive. This may be reflected 
in the cost of the pricier fish oil options. But another pos-
sibility is that manufacturers relied on analysis data from 
fish oil providers instead of testing n3-PUFA content them-

Figure 2: Actual omega-3 content, compared to claimed content
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selves. And the uniformity of discrepancies may be due to 
the fish oil coming from the same location.

If the data in this study translates across all fish oil products, 
then you have about a one in 11 chance of getting a fish oil 
supplement that has the correct amount of n-3 PUFA. 

Because there are only a few geographic sources for fish oil 
(as seen in Figure 3), the results likely apply to countries 
other than just New Zealand. 

Oxidation upon packaging, along with lack of 
measuring the PUFA content of different fish oil 
batches, may both contribute to most fish oil con-
tent not living up to its labelling. Since fish oil 
distributed throughout the world is mostly har-
vested from a few locations, these results in New 
Zealand may generalize to other countries.

The big picture
So what does this mean for supplementing with fish oil, 
versus not supplementing? The Totox value is directly relat-
ed to the oxidation state of the fish oil supplement. Since 
the Totox value correlates with smell and taste, it’s proba-
bly a good indicator of whether the n3-PUFA content has 
declined. Unfortunately, these values are not listed on fish 
oil bottles, and hence it’s hard to tell if the oil might be a bit 
rancid. Avoiding rancidity is another bonus of eating fat-
ty fish rather than taking a capsule. Rancid fish is entirely 
unpalatable, whereas rancidity in fish oil capsules can be 
hidden by clever manufacturing.

This isn’t the first time a study like this has been conducted. 
However, this is probably the most comprehensive. Previous 
surveys in Poland, Norway, France, and Brazil have all 
shown a large percentage of commercial fish oil that was 
oxidized above international standards. 

If you do take fish oil, you can’t determine quality by any 

one metric. While more expensive products on average had 
a higher correlation between actual and claimed EPA and 
DHA, there was substantial variation among products. Cost 
also doesn’t indicate lack of degradation, as expensive fish 
oil had in fact had MORE absolute degradation because it 
had higher PUFA content on average. Products from dif-
ferent regions were all susceptible to oxidation and false 
content claims, so buying oil sourced from a particular area 
may not protect you from poor quality products.

On the positive side, certain manufacturers offer informa-
tion on lab test results. The International Fish Oil Standards 
Program also offers data (although not nearly as detailed 
as provided by this study) on the quality of certain fish oils, 
although all the data comes from testing done by one pri-
vate company. 

Underlying this study is the eventual health effects of oxida-
tion products. Will oxidation eventually impact the health 
of those that regularly consume them? Oxidized fish oil 
has been suggested as a reason why some fish oil trials have 

Figure 3: Where does fish oil come from?
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failed to improve cardiovascular health, although there 
hasn’t been much direct evidence for this. 

Considering the presence of oxidized lipid by-products in 
other food-grade oils, most people are probably exposed to 
these compounds daily. While animal studies have shown 
potential for harm from oxidized oils, a seven-week human 
trial of oxidized fish oil showed that short-term harm from 
fish oil oxidation products is unlikely. The same research 
group showed a lack of impact on oxidized LDL as well. 

However, the trial was not only short term, but it was 
conducted among healthy individuals, which may limit 
applicability. In vitro studies sometimes show increased 
oxidation in human immune cells, so it is possible that 
trials of systemic biomarkers aren’t capturing the whole 
story. Figure 4 depicts the lipid whisker model, a recently 
discovered phenomenon where oxidized PUFA stick out 
from membranes (which surround either cells or lipoparti-
cles) like whiskers. These whiskers can be recognized by the 
immune system’s macrophage cells, which then spur repair 
of the damaged area. Research is still ongoing into mecha-
nisms by which oxidized PUFA exert damage. However, the 
term “oxidized” doesn’t always translate to harm. There has 
actually been some evidence that certain oxidized PUFA 
products may play a role in fish oil’s anti-inflammatory 
effects. Overall, more research needs to be done in this 
area to provide not only mechanistic explanations but also 
insight into eventual outcomes in humans.

What this study shows is that there’s a drastic difference 
between what consumers think they are buying and what 
they actually get. While this affects consumers directly, 
there is another important effect of different fish oil quali-
ty. Observational and clinical trial results on fish oil differ 
depending on disease and specific product tested, and it’s 
possible that fish oil quality plays some part in that. Fish 
oil is both big business and heavily researched, and having 
both areas pay more attention to oxidation and label claims 
could greatly benefit consumers. 

Frequently asked questions
How can I keep my fish oil from oxidizing quickly? 
Keeping your fish oil supplement in the dark and in the 
refrigerator will slow oxidation rates. Buying huge bottles 
of fish oil may not be the best option for keeping it low in 
oxidation products.

Can I get my n-3 PUFA from other sources besides marine 
organisms?  
Plant sources of n-3 PUFAs include mostly ALA. This fatty 
acid has a poor conversion rate to the active DHA com-
pound. ALA intake would have to be substantially higher 
(about ten times as high) to get to the same amount of bio-
active DHA. 

There are also non-fish marine sources available, such as 
algae-derived omega-3s and krill oil. While these haven’t 

Figure 4: Oxidized PUFA and lipid whiskers
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been extensively tested for oxidation products or label 
claims, krill oil specifically is noted to contain naturally-oc-
curring antioxidants. 

Could I just take more fish oil to make up the difference in 
active N-3 PUFA that may be lost?  
If you make the assumption that your fish oil product has a 
similar discrepancy to the listed average, then a 43% bump 
in daily fish oil intake would make up for the difference. If 
you had been taking five grams of fish oil daily, you would 
then need to take seven grams of fish oil. However, taking 
extra fish oil to compensate for consuming oxidation prod-
ucts is probably not the best way to get your omega-3s.

Why didn’t they name the brands in the study? 
There has been much hubbub on the internet about naming 
these brands. However, this may actually be a factor that con-
tributed to study validity. Chance of bias, insider trading, or 
bribery might be increased, because it would be easy to make 
one brand look fantastic and another brand look like garbage.

Who funded the study? 
The funder is the Douglas Charitable Trust, founded by 
Sir Graeme Douglas, who is also a managing director of 
Douglas Pharmaceuticals. It is unknown whether these 
two entities are at all related with respect to business, but 
Douglas Pharmaceuticals does offer a fish oil product. 

What should I know? 
Overall, most fish oil measured in this study did not contain 
the labelled amount of n-3 PUFAs, partly due to oxidation. 
This is not the only study (but arguably, the most compre-
hensive) that shows commercial fish oil discrepancies with 
oxidation state and total n-3 PUFA content, and this issue is 
gaining traction as dietary supplement standards are being 
scrutinized. Further, this study shows that more expensive 
fish oil is not necessarily safe from oxidative damage. 

If you do use fish oil supplements, it would be prudent to 

store your fish oil in the fridge in the dark, and possibly even 
taste test it. If it tastes bad, it’s probably pretty oxidized! ◆

Unmet label claims, rancid oil … sounds fishy. To discuss 
what this means in practicality, head over the Facebook 
ERD forum. 

 [...] the term 
“oxidized” 
doesn’t always 
translate to 
harm. There has 
actually been 
some evidence 
that certain 
oxidized PUFA 
products may 
play a role in 
fish oil’s anti-
inflammatory 
effects.
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A regimented 
nutrition strategy 
for marathoners

Improved marathon 
performance by in-race 

nutritional strategy 
intervention

Introduction
As a reader of the ERD, you probably already appreciate the fact that most 
“hacks” for improved performance have very little effect. The paper behind this 
review describes the surprisingly large impact of in-race carbohydrate supple-
mentation during marathons.

These days, it has become more and more normal for runners to participate in 
marathons or triathlons. In addition to requiring high oxygen uptake and high 
levels of musculoskeletal fitness (to withstand running impacts), these types of 
sports are very metabolically challenging. 

During rest, your body burns 60-70% fat and 30-40% carbohydrates (CHO); 
during exercise, the relative amount of energy derived from fat decreases as 
intensity increases. This is because glycolytic (sugar-burning) pathways can 
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deliver energy much faster than fat-burning pathways. As energy production 
requirements increase, metabolism gradually shifts from fat to CHO. This is 
relevant because depletion of CHO stores is a major issue in endurance sports. 
Depletion of muscle glycogen stores in particular may be the single most import-
ant energy-related contributor to fatigue in endurance sports.

The problem of CHO depletion has typically been handled in two ways from a 
sports nutrition perspective: The first is to try to improve fat utilization at sub-
maximal intensities, a phenomenon also known as improved metabolic fitness 
or “fat adaptation.” If you could change your fuel source from 50% fat/50% CHO 
to 55% fat and 45% CHO, this would, in principle, reduce the impact of running 
out of glycogen. Efforts to improve fat utilization involve doing massive amounts 
of low-intensity training (in which relative utilization of fat is highest), doing 
fasted exercise, and eating very little carbs, in some cases little enough to reach 
nutritional ketosis. Although some of these strategies may hold promise, there 
hasn’t been much research testing them in different competition endurance sport 
formats, and these strategies often diverge enough from a typical athlete’s strategy 
that they aren’t considered. 

The second way is trying to increase the availability of CHO in the body. The body 
typically holds 350-400 grams of CHO in the form of glycogen in the muscles, 
approximately 100 grams of glycogen in the liver, and 25 grams of blood glucose 
at any given time. For good runners, marathon pace corresponds to 70-80% of 
maximal oxygen uptake. At this intensity, the relative contributions of substrates 
are 60-80% CHO and 20-40% from fat, depending on the metabolic fitness of the 
athlete. Better-trained athletes tend to burn relatively more fat and are thus less 
reliant on carbohydrates.

Increasing CHO availability can be accomplished by increased pre-workout CHO 
delivery (so-called “carb loading”), glycogen supercompensation strategies (gly-
cogen is depleted and then reloaded prior to racing, leading to overall greater 
storage), and peri-workout CHO delivery, which is the method the authors of the 
study under review examined.

Who and what was studied?
Anticipating considerable drop out and using a matched-pairs design, the 
researchers initially recruited a large number of participants—104. The inclusion 
criteria were pretty open: Participants had to be non-elite runners who were 18-50 
years old, healthy, and planning to compete in the 2013 Copenhagen Marathon. 
Seven weeks before the marathon, all participants ran a 10 kilometer time trial and 
following this time trial, were paired according to previously established matched 

Hitting the wall and 
glycogen depletion

At the onset of running, there is a 
disproportionately high consump-
tion of glycogen from muscles—as 
much as 20% of muscle glycogen 
is mobilized within the first five to 
10 minutes of racing. This early-use 
glycogen primarily comes from fast 
muscle fibers, which are less suited 
for endurance work. After that, 10-13 
grams of carbohydrate is spent 
per kilometer (this corresponds to 
60-80% of the energetic cost of 
running a kilometer, which is approx-
imately 60 kcal). This means that 
muscle glycogen stores are spent 
after 25-40 kilometer of running This 
is known as “hitting the wall.”

The reason that you get less work for 
more effort when muscle glycogen 
stores are depleted is that your mus-
cles at this time come to rely on fat. 
When burning fat, your body needs 
6-10% more oxygen per kcal burned 
than it does when burning CHO. So 
quite simply, at the same rate of 
oxygen delivery, your energy output 
will decrease. Furthermore, glyco-
gen depletion also increases central 
fatigue perception in the brain, fur-
ther contributing to a reduction in 
power output.
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pairing criteria. 
The matching 
criteria included 
gender match-
ing, as well as 10 
kilometer time 
trial results that 
were within 1% 
of each other. A 
total of 14 pairs 
met these cri-
teria and were 
included in the 
study.

In each pair, 
one partici-
pant would 
be assigned to 
complete the marathon with a freely chosen nutrition strat-
egy (FRE) and the other one would complete the marathon 
with a scientifically recommended strategy (SCI). That is, 
the SCI group would be the intervention group and the FRE 
group would be the control group. After the pair matching, 
only the SCI runners were informed that the purpose of the 
trial was to assess the effect of an in-race nutrition strategy 
so that none of the FRE runners would try to emulate the 
SCI strategy.

For the SCI nutritional strategy, the runners were to ingest 
energy gels and water before and during the race. These 
energy gels contain 20 grams of maltodextrin and glu-
cose, 0.02 grams of sodium, and 0.03 grams of caffeine 
(more about that later) per packet. The SCI runners were 
instructed to consume two energy gels and drink 0.2 L of 
water 10-15 minutes before race start. After that, they were 
instructed to consume one energy gel at the 40th minute of 
the marathon and one every 20 minutes thereafter. 

The SCI runners were to drink 0.75 L of water per hour of 
running. To accommodate this fairly detailed plan for CHO 

and water 
intake, the 
study organiz-
ers provided 
the SCI run-
ners with tables 
showing how 
many cups 
of water they 
should drink 
at the depots, 
individualized 
by depot place-
ment along 
the route and 
predicted fin-
ish time. One 
month prior to 
the marathon, 

all runners completed a half-marathon. This race was used 
to practice the nutrition strategy for the SCI runners.

The major endpoint in the study was of course the com-
pletion and split times for the marathon, but a number of 
secondary measurements were made to further analyze the 
groups and the impact of the intervention: 1) the runners 
were weighed before and after the race, 2) after the race, 
runners completed questionnaires about gastrointestinal 
(GI) symptoms, and 3) they had blood drawn for blood glu-
cose measurements at the end of the race.

Non-elite runners were tested to see if a scientif-
ically-based nutritional strategy (SCI) used just 
before and during the race could improve their run 
time compared to runners who freely chose what 
they consumed during the race (FRE). The scien-
tifically-designed strategy involved a specific water 
intake along with energy gels that were high in car-
bohydrates and also contained sodium and caffeine.

 The FRE group completed 
the race in an average time 
of 3:49:26 and the SCI group 
completed in an average 
time of 3:38:31. That is 10 
minutes and 55 seconds 
faster than the FRE group
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What were the findings?
Before considering the results of the study, we have to look 
at whether the study participants actually followed the 
instructions provided by the study organizers. Their intakes 
are summarized in Figure 1. The SCI runners managed to 
drink 0.68 L/hour during the course of the run, approx-
imately 10% less than the 0.75 that was the goal, but still 
higher than the voluntary intake of 0.6 L/hour in the FRE 
group. Thus, fluid intake was within the recommended fluid 
intake range of 0.4-0.8 L/hr, and was not significantly differ-
ent between the two groups. Weighing the runners showed 
that runners in both groups appeared to be generally 
well-hydrated. As for CHO intake, SCI runners consumed 
64.7 grams/hour, in contrast to the 38.0 grams/hour in the 
FRE group.

So overall, the goals for water and CHO intake were met, 
but how did the runners fare? Remember, these were 
non-elite runners and the times were also non-elite—not 
bad, but not excellent either, aiming for completion times 
between three and four hours. The FRE group completed 
the race in an average time of 3:49:26 and the SCI group 
completed in an average time of 3:38:31. That is 10 minutes 
and 55 seconds faster than the FRE group, corresponding 
to a 4.7% decrease in marathon time. As far as ergogen-
ic nutritional interventions go, this is a very strong effect 
under actual, pragmatic race conditions.

When we look closer at the split times in Figure 2, it 
becomes very obvious where the group difference arose. 
In the FRE group, running speed started to decline half-
way through the race, decreasing from an average speed of 
11.6-11.8 kilometers/hour to approximately 10 kilometers/
hour at the end of the race, whereas in the SCI group, the 
decrease in race speed was negligible and on average, they 
stayed above 11 kilometers/hour throughout the race.

Figure 2: Running velocity 
throughout the marathon

There were no significant between-group differences in 
GI symptoms. However, there were non-significant group 
differences that may deserve mentioning, which are high-

Figure 1: Carb and fluid intake in the two groups
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lighted in Figure 3. With only 14 runners per group, the 
study was likely not large enough to detect significant dif-
ferences for all of these infrequent side effects. While SCI 
runners experienced slightly more reflux symptoms, the 
FRE runners reported slightly more abdominal pain, diar-
rhea and urge to defecate. 

At the end of the race, blood glucose levels were different 
between the groups, and actually increased in the SCI group. 
The authors theorized that this could be due to an imbal-
ance in glucose production and utilization that happens for 
a few minutes after intense exercises concludes. Blood sugar 
may have increased only in the SCI group and not FRE 
group because they took in enough carbs during the race to 
support increased production after the race. 

Finally, strengthening the validity of the results, training 
records showed no differences between groups in number of 
training sessions, distance run or amount of interval training.

The SCI and FRE groups took in about the same 
amount of fluid on average, but the SCI group 
consumed almost twice the amount of carbohy-
drates (CHO). The SCI group finished the race 
about 10 minutes faster than the FRE group on 
average.

What does the study really 
tell us?
To put it very bluntly, the study shows that for non-elite 
runners, using a self-selected in-race nutrition strategy is 
inadequate to support optimal performance. And it is inad-
equate by a fairly large margin.

The study shows that very significant performance benefits 
can be achieved from regimented in-race supplementation 
administered to the SCI runners. The energy gels contained 

Figure 3: Side effects that differed by group
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CHO as well as caffeine, both of which can, in princi-
ple, contribute to marathon performance. However, even 
though the EnergyGel packets contained caffeine (0.09 mg 
per satchel), the total amount of caffeine consumed from 
them was probably too low to have made a significant con-
tribution to the group difference in race completion times 
(approximately one mg/kg, in contrast to the three to nine 
mg/kg recommended for ergogenic purposes). 

Furthermore, it is likely that some of the FRE runners 
used some caffeine supplementation, because it is widely 
known among runners that caffeine provides an ergogen-
ic benefit in endurance events. This would further reduce 
the likelihood that part of the group difference was caused 
by caffeine ingestion. Therefore, the authors state that the 
majority of the group difference in performance is likely 
due to the CHO intake and secondary sparing of mus-
cle glycogen stores. The split times show a performance 
decrease over the course of the race in the FRE group that 
temporally fits well with the onset of glycogen depletion, 
whereas the SCI group showed little to no signs of muscle 
glycogen depletion. 

Let’s go through a hypothetical calculation, with the caveat 
that physiology is complex and these calculations are overly 
simplistic. If we assume that ingested CHO could supplant 
muscle glycogen depletion completely, we could extrapo-
late from the study results and perhaps get a little closer to 
what the actual effect is on muscle glycogen depletion. At 
a pace of 11 kilometers/hour, a “normal” CHO depletion 
rate is approximately 130 g/hour (10-12 g/kilometers times 
11kilometers/hour. These quantities have been described 
previously in the literature). CHO supplementation was 65 
g/hour in the SCI group and 38 g/hour in the FRE group. 
This means that the rates of muscle glycogen depletion 
would be 95 g/h and 65 g/hour in the FRE and SCI groups, 
respectively. 

If we continue this (admittedly inexact) calculation, we can 
get closer to estimating glycogen depletion. If 20% of the 
initial 350-400 grams of muscle glycogen is spent very early 
in the race, this leaves 250-300 grams to be spent during the 
race. Symptoms of depletion will begin to manifest when 
muscle glycogen levels near depletion. This has been shown 
in previous running studies. This means that some 200-250 
grams of muscle glycogen can be spent before glycogen-de-
pleted symptoms begin to appear and 250-300 can be spent 
before hitting “the wall.” 

At a depletion rate of 95 g/hour and an estimated comple-
tion time of approximately three hours and 40 minutes, it is 
evident that muscle glycogen stores will be depleted during 
the race (after 2.0-2.5 hours, depletion-related symptoms 
will begin to appear and after 2.5-3.0 hours, they will peak). 
This fits well with the observed split time development for 
the FRE group. However, when the 250-300 grams of mus-
cle glycogen are expended at the SCI rate of 65 g/hour, it 
takes more than four hours to deplete the muscle glycogen, 
meaning that muscle glycogen stores will actually last the 
race. This also fits pretty well with the split times observed. 
It should be noted that these calculations are not based on 
data from the study, but rather from hypothetical calcula-
tions based upon glycogen stores and rates of utilization 
reported previously in the literature. 

 [...] for non-
elite runners, 
using a self-
selected in-race 
nutrition strategy 
is inadequate to 
support optimal 
performance.
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Adequate CHO intake is essential to improving 
marathon race time, and may account for the time 
difference seen in this study by preventing “hit-
ting the wall.”

The big picture
The major finding, that voluntary CHO intake is inadequate 
for optimal performance in non-elite marathon runners, is 
in line with a previous scientific study demonstrating that 
even in elite runners and triathletes, CHO intake is often 
lower than recommended. 

Previous studies under controlled conditions have shown 
that up to 60 grams of glucose and 30 grams of fructose can 
be absorbed per hour. As glucose and fructose are absorbed 
from the gut through different channels, the combination of 
the two allows for more CHO uptake than would consum-
ing just one of them. However, fructose is much sweeter and 
stickier than glucose, which makes energy gels with high 
levels of fructose less palatable while running. 

Furthermore, higher total CHO intake while running is 
associated with a higher risk of GI problems, like reflux, 
nausea, vomiting, or diarrhea. So even though there is a 
scientific rationale for using energy gels with mixed glucose 
and fructose at 3:1 or 2:1 ratios, many athletes favor the 
glucose-only gels.

The energy gels used in this study contained glucose 
and maltodextrin (a rapid-uptake glucose polymer), but 
no fructose. Therefore, it is possible that further per-
formance benefit can be obtained with added fructose 
supplementation. 

For endurance athletes who compete, it seems to be a 
no-brainer to consider in-race carbohydrate replenishment, 
guided by scientific evidence, rather than going by feel. 

The finding that adequate CHO intake improves 
performance is in accord with previous study 
findings.There may be other kinds of sugars and 
substances that can be added to improve perfor-
mance further, but they may not be tolerated well 
and their effectiveness is not well-established yet. 

Frequently asked questions
Does “fat adaptation” work in endurance sport? 
It is possible to increase reliance on fats as fuel to some 
extent. While high-intensity training improves the 
systems that deliver oxygen for metabolism, massive 
amounts of low-intensity exercise change the substrate 
used during low-to-medium intensity exercise more 
toward fat. However, using low-carbohydrate or ketosis 
diets has had mixed evidence thus far. Although they do 

 As glucose and fructose are absorbed 
from the gut through different channels, 
the combination of the two allows for 
more CHO uptake than would consuming 
just one of them. 
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increase the maximum rate of energy that can be obtained 
from burning fat in some cases, the reduced intake of CHO 
can compromise training tolerance and fatigability, leading 
to overall neutral or adverse outcomes.

Why aren’t endurance athletes consuming enough carbohy-
drate during races? 
That is very hard to answer. It can either be a conscious 
effort to avoid perceived risk of GI problems or a con-
sequence of exercise-caused sympathetic drive. During 
exercise and particularly during races or competitions, 
circulating levels of adrenaline (and other catecholamines) 
increase in the central nervous system. While they reduce 
fatigue perception, they also reduce hunger and may 
even cause a degree of food aversion. This could easily 
explain the less-than-optimal nutrition strategy observed. 
Interestingly, some earlier field research has indicated that 
while triathletes who eat the greatest amounts of carbohy-
drates exhibit a higher degree of GI distress, they also tend 
to perform better than other competitors.

What should I know?
It sounds like common sense, but this study emphasizes 
how much it can pay off to follow scientific evidence with 
regard to carb and fluid intake. But keep in mind: In-race 
nutrition strategies require experimentation and training!

Susceptibility to GI symptoms is highly individual. Some 
athletes report that their tolerance to in-race nutrition can 
be somewhat trainable, although this has not been verified 
in scientific literature. If you read this review and decide to 
try 60 grams of glucose and 30 grams of fructose on your 
next or first marathon, you risk having a bad experience. 
Preferably, you should always do at least one trial run with 
your selected strategy and train with it to learn to better 
tolerate in-race nutrition. ◆

If you do endurance races of any kind, we want to know 
how carb intake affects your performance. Talk about it on 
the ERD Facebook forum.

 [...] while 
triathletes who 
eat the greatest 
amounts of 
carbohydrates 
exhibit a higher 
degree of GI 
distress, they 
also tend to 
perform better 
than other 
competitors.
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Beating high 
blood pressure 

with beets
Dietary nitrate provides 

sustained blood pressure 
lowering in hypertensive 

patients: a randomized, phase 
2, double-blind, placebo-

controlled study

Introduction
“Eat your greens” is very reasonable advice for improving health, but it is also vague, 
especially for people following a reductionist approach to their food. We know 
that carotenoids are beneficial and are found in yellow-red foods, anthocyanins 
are found in the red-blue spectrum, and copious other polyphenolics are found 
in fruits and veggies. Greens, however? What could explain the benefits found in 
these veggies?

It turns out that the leafy greens, even humble lettuce, are great sources of the small 
nitrogen-containing molecule nitrate. Nitrate (NO3-) forms the starting step for 
one of the major ways the body can get nitric oxide, a small yet potent signalling 
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molecule that relaxes blood vessels and improves blood flow. 
Strangely, the route for nitric oxide production from veg-
gie consumption involves saliva, as seen in Figure 1. After 
nitrate is ingested, the intestines digest the compound and 
then it’s secreted into saliva, where various mouth bacteria 
digest the nitrate (NO3-) into nitrite (NO2-) for eventual 
reabsorption in the digestive tract on an as-needed basis. 
Nitrite is then converted into nitric oxide throughout the 
body’s tissues by a wide variety of compounds. 

This pathway from nitrate, to nitrite, and finally to nitric 
oxide can be a major player in reducing blood pressure. This 
process doesn’t require the nitric oxide synthesizing enzyme 
found in blood vessels, which is known as endothelial nitric 
oxide synthase (eNOS). While eNOS also plays a major role 

in reducing blood pressure, its role in regard to health is 
preventative, and it works best when maintained, rather than 
being forced to work harder. eNOS regulation is generally 
not modulated by supplements. While problems with eNOS 
would likely increase blood pressure, providing a dietary 
supplement of the amino acid that eNOS uses (L-arginine) 
would be a very unreliable way to improve circulation.

Due to its potency, reliability, and safety, nitrate from beet-
root juice was tested in this clinical trial. It had already been 
investigated as a single dose treatment in previous trials. 
This is the first trial to examine a sustained usage of this 
supplement and its effects on hypertensive subjects of all 
ages, regardless of medication.

Figure 1: Conversion of nitrates and nitrites in the body
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Nitric oxide (NO) relaxes blood vessels and can 
reduce blood pressure. It is synthesized in a cou-
ple of ways in the body. One of those ways uses 
nitrate (NO3-) from food sources.

Who and what was studied?
The authors investigated nitrate supplementation in partic-
ipants of all ages (18-85) who, beyond having hypertension 
as assessed by an ambulatory blood pressure (measurement 
throughout the course of a normal day, rather than in-of-
fice measurement) exceeding 130/85, were healthy and had 
no manifestation of cardiovascular disease or abnormal-
ities in kidney function. Blood pressure medication use 
was not a reason to exclude participants from the study, so 
people were accepted regardless of whether they were on 
medication.

After screening, the study enrolled 34 patients on blood pres-
sure medication (which was held constant throughout the 
study) and 34 patients not taking any blood pressure medi-
cation. Four of these subjects later dropped out, but drop-out 
was spread evenly and did not greatly influence the findings.

The participants were randomly assigned either 250mL 
beetroot juice containing 6.4mM of nitrates, or placebo beet-
root juice, which lacked an appreciable amount of nitrates. 
Supplementation took place over four weeks. Beyond the 
difference in nitrate content, the two juices were identical. 

Beets are one of the most common, if not most commonly 
targeted dietary source of nitrates. Figure 2 shows nitrate 
values in different commonly eaten veggies (which can vary 
widely depending on where the plant is grown). Beets have 
a much higher sugar content than most vegetables, which 
along with having a greater density (as opposed to leafy 
vegetables, which would require many handfuls in order 
to equal the same weight as a few beets) may contribute to 
their popularity as a nitrate source. Note that the study used 
beetroot, not beet greens.

Spitting 
matters

 
It’s not only uncouth, but could spitting be 
unhealthy too? While it might not have many 
other health effects, spitting does actually 
impact nitrite production. Researchers have 
determined that, due to the convoluted 
metabolic pathway involving digestion and 
saliva, if you spit heavily after taking nitrate 
supplements, you will fail to reap the bene-
fits of nitrite and thus nitric oxide. 

Go easy on that mouthwash as well, we don’t 
want to kill our bacterial friends. They work 
so hard to produce our nitrite!
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The final group composition showed a balance in age, with 
an average age of about 60 years (56 and 58 years of age in 
the placebo and nitrate groups, respectively), as well as a 
non-statistically different number of females per group (22 
and 16, respectively). The participants were mildly over-
weight on average, with a mean BMI of 26.5 and 26.8 in the 
placebo and nitrate groups.

The major endpoint of the study was change in blood pres-
sure, which was measured in two ways. Each day, starting 
two weeks prior to the study and for the duration of the 
study, patients took their own blood pressure readings with 
an oscillometric blood pressure device (an arm cuff, sim-
ilar to the commercial kind found at drug stores). On two 
occasions, the day before the study started and the final day 
of the study, the patients were subject to a 24-hour ambula-
tory blood pressure test. These ambulatory tests run for the 
course of one entire day and are usually used to draw more 
accurate conclusions, since blood pressure readings are 
fickle and can drastically change from one acute test to the 
other, as is seen with ‘white coat hypertension’.

Other measurements taken in these two visits included 
collection of fluids to assess pharmacokinetics of nitrates 
(urine, saliva, and blood measurements that give insight 
into what happens to the nitrates within the body) and oth-
er vascular function tests to supplement the blood pressure 
readings. The vascular tests used were pulse wave velocity 
(PWV), which is the gold standard measurement of arterial 
stiffness and a reliable predictor of overall mortality from 
cardiovascular diseases, augmentation index (Alx) which is 
also an indicator of arterial stiffness in the aorta, and flow 
mediated dilation (FMD) which is a measurement of how 
well an artery can relax and dilate in response to stressors (a 
physiological process that helps prevent increases in blood 
pressure when blood is being pushed through in greater 
quantities than normal, which would increase blood pres-
sure if the vessel doesn’t widen in response).

After the second round of measurements were taken by the 
researchers at the clinic, additional blood readings were 
done two weeks after supplementation ceased, which con-
cluded the study.

Figure 2: Nitrate levels in vegetables
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Hypertensive patients, both those who were taking blood pressure 
medications and those who weren’t, took beet juice either contain-
ing nitrates or with the nitrates removed for four weeks. Blood 
pressure and other vascular measurements were taken to deter-
mine how dietary nitrates affected these measurements.

What were the findings?
The nitrates ingested through the juice appeared to be successfully absorbed 
by the body. When looking at the two groups given nitrates (with or without 
medication) in comparison to the two groups given placebo, there was a large 
increase in NOX (shorthand for nitrate plus nitrite) by 0.52µmol/L, or 2.7-fold 
the concentration these subjects had at the beginning of the trial. 

cGMP, the signalling molecule produced after nitric oxide, also increased 
1.4-fold, supporting the idea that nitric oxide itself was stimulated after supple-
mentation. Nitric oxide itself cannot be measured in a living human since it is a 
rapidly synthesized and rapidly destroyed molecule, with an elimination half-life 
measured in milliseconds.

There were no changes in transcutaneous arterial methaemoglobin (a biomarker 
of oxygen delivery), heart rate, or any other glycaemic, biochemical, or haemato-
logical biomarker in either group. It appears that out of these measures, the only 
clinically relevant change was the desired increase in total NOX and cGMP. The 
changes observed did not differ in subjects who were or weren’t on medication, 
as everybody experienced an increase in these desired biomarkers.

The increase in NOX and cGMP was notably measured in a fasted state in the 
lab, not immediately after nitrate ingestion. When supplementation ceased for 
two weeks, these readings reverted to normal. This provides evidence that a daily 
dose of nitrates is enough to support your body for at least 24 hours, though 
these benefits will be lost in two weeks if supplementation is not maintained.

When looking at the daily blood pressure readings taken by the subjects them-
selves, nitrate consumption appeared to cause a significant reduction of systolic 
blood pressure after a single week. Nitrates continued to have a time-dependent 
benefit all the way up to the last week of supplementation, reaching their peak 
efficacy of an 8.1mmHg/3.8mmHg reduction in systolic/diastolic blood pressure. 
Again, these changes were not accompanied by any changes in heart rate.

The phenomenon 
of ‘white coat 
hypertension’

‘White coat hypertension’ was first 
noted by doctors who, donning 
their white coats, saw that non-hy-
pertensive patients sometimes 
still displayed high blood pressure 
when measurements taken in the 
doctor’s office.

This is thought to be due to the anx-
iety that some people experience 
during a doctor’s visit. Clinically, 
it necessitates multiple readings 
from a patient on different days 
in order to attain a diagnosis of 
hypertension. Studies often use 
24-hour ambulatory blood pressure 
readings or supplement the data 
with self-measured blood pressure 
to avoid the issue. Self-measured 
blood pressure has been shown 
to be valid for use in clinical trials, 
and you can even automatically 
keep track of measurements using 
smartphone.
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There was some variance between subjects, as this final 
reading had a wide 95% confidence interval of 3.8-
12.4mmHg systolic and 0.7-6.8mmHg diastolic, but every 
subject who took nitrates saw some degree of reduction in 
blood pressure.

The other blood pressure measurement, ambulatory blood 
pressure (ABP), displayed similar benefits. When compared 
to their baseline levels, the subjects who took nitrates daily 
experienced an average reduction of 7.7mmHg systolic and 
2.4mmHg diastolic. There were not any major fluctuations 
throughout the day in the ABP. Nitrates induced a sustained 
reduction of blood pressure over both sleeping and waking 
hours of similar magnitude.

The secondary measurements taken in this study were 
related more to blood flow rather than pressure, which is a 
useful biomarker in and of itself, as increases in blood flow 
are cardioprotective even if blood pressure does not change. 

Pulse wave velocity (PWV) was reduced by 0.59m/s in the 
subjects taking nitrates when compared to their baseline 
values and to a similar magnitude (0.58m/s) when com-
pared to placebo, as this parameter was not changed with 
the nitrate-depleted placebo. PWV reductions of this mag-
nitude have been associated with sizeable decreases in heart 
disease risk. AIx and FMD both saw significant benefits 
as well. These measurements were reduced by 5.2% and 
increased by 1%, respectively, while the placebo group expe-
rienced no changes.

These findings support the use of nitrate not only as a blood 
pressure-reducing agent, but also as a supplement that 
could benefit overall circulatory health. Based on the signif-
icant improvement in the measurements of arterial stiffness 
and the reliability of arterial stiffness as a biomarker of 
cardiovascular disease mortality in all age groups, this fur-
ther supports the role of nitrates in heart health. However, a 
subgroup analysis of whether this benefit to arterial stiffness 
applied to all subjects found that only the subjects who were 
on medication experienced the decrease in PWV.

Finally, similar to how two weeks cessation caused the 
elevations of plasma NOX and cGMP to return to normal 
levels, when nitrate was no longer used by hypertensive 
participants their blood pressure and blood flow returned to 
baseline levels. This indicates that nitrates are not curative, 
but rather a ‘band-aid’ supplement that exerts its benefits for 
only as long as it is used.

Nitrate ingestion did not appear to be associated with any 
significant side-effects clinically, biochemically, or hemato-
logically. Urine and feces were reported to change color in 

all groups due to the red coloration of the beet juice, which 
was an expected outcome. The pigments of beets, known as 
betalains, are eliminated in both urine and feces in a form 
which is still colored red, and leads to many people thinking 
their juice caused acute kidney or rectal trauma.

There were no adverse interactions reported in the subjects 
using medication in regard to drug-drug interactions, sug-
gesting a role for dietary nitrates as an adjuvant therapy 

 This indicates 
that nitrates are 
not curative, but 
rather a ‘band-aid’ 
supplement that 
exerts its benefits 
for only as long as 
it is used.
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(something to be taken alongside the ‘main course’ phar-
macotherapy; adjuvants are the side-dishes of medicine). 
While the four subjects that dropped out were all subjects 
using medication, it was not determined to be relevant to 
the study, since they dropped out prior to receiving their 
placebo or nitrate supplementation and were split evenly 
between groups.

People supplementing with nitrates experienced 
a reduction in blood pressure for up to two weeks 
after supplementation had ceased.

The big picture
While this study didn’t identify new benefits of nitrate, it’s 
quite important in the context of real-life recommendations 
physicians give to hypertensive patients. This study showed 
that previous evidence regarding nitrate’s acute benefits also 
extend to a sustained usage over four weeks. The study also 
eases a few concerns about potential drug-drug interac-
tions, as nobody wants to introduce a new agent to a blood 
pressure-lowering regimen if it increases the risk of hyper-
tension. This study also provides more evidence specifically 
addressing ambulatory blood pressure, which only a few 
studies on nitrates have done previously.

Nitrate ingestion, even once a day, provides a sustained 
decrease in blood pressure for 24 hours, which can be 
extended by simply taking another dose each day. This can 
translate to substantial benefits for cardiovascular disease, 
as summarized in Figure 3. Even a 2 mmHg reduction in 
systolic blood pressure can reduce heart disease and stroke 
by 5% or more. Nitrate seems to be eliminated from the 
body somewhat rapidly (within two weeks) without leaving 
any apparent withdrawal effects or refractory increases in 
blood pressure.

Nitrate is also a very feasible dietary option for a variety of 
populations, since it is found in some of the cheapest vege-
tables out there. Granted, a single salad may not be enough 
to replicate the benefits seen in this study, but thanks to the 
ability of a single dose of nitrate to stay in the body for at 
least 24 hours, every single meal with added greens pro-
vides health benefits. 

Nitrates are increasingly seen as an important component 
when it comes to determining vegetable health benefits. 
Food companies and the popular press often focus on the 
presence of vitamins, minerals, and phytochemicals in vege-
tables. While these no doubt play a role in improving health, 
it is possible that the tiny nitric oxide molecule explains a 
good portion of the health-giving properties of some vege-
tables. And this is all besides the potential beneficial effects 
of nitrates on exercise!

Figure 3: Potential CVD benefits from beetroot juice
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Frequently asked questions
Can I eat a bunch of preserved bacon and ham to get the 
same benefits? 
Nitrates were first used as food additives in the form of 
‘sodium nitrite’ and ‘sodium nitrate,’ which are used as 
preserving agents in various processed meat products like 
bacon and ham. Sodium nitrite is responsible for the pink 
coloration of these products. As with many food additives, 
there are government regulations limiting what is consid-
ered a ‘safe’ amount that can be added to any food, with 
American regulations setting a limit of 10 parts per million 
(ppm) if nitrates are being used solely for coloration, and 
200ppm if they are being used as a preservative, with no 
more than 500ppm allowed in the final cured meat product.

The middle amount, most common for food products, trans-
lates to 200 micrograms per gram of food product, whereas 
the 6.4mM used in this study translates to 396mg. Due 
to this, food products that have added sodium nitrate are 
not able to provide a blood pressure reducing effect while 
remaining under the legal limitations for nitrate content.

These regulations do not apply to food products, which 
naturally have a high nitrate content, notably leafy green 
vegetables and beets.

I heard that there’s a link between nitrite/nitrate and cancer 
… should I worry? 
Nitrites are suggested to be involved in cancer metabolism, 
due to the interaction between nitrite and dietary amino 
acids, which can form various products known as nitrosa-
mines. While not all nitrosamines are harmful, some have 
been determined to have carcinogenic activity. For a while, 
sodium nitrite and the resultant nitrosamines were thought 
to play a role in differences in cancer rates associated with 
processed meat consumption.

When consuming nitrate or nitrite (regardless of source), 
most evidence points to needing a cocarcinogen to exert 
carcinogenic effects. Reducing compounds like vitamin C, 
abundant in plant-based sources of nitrate, further atten-

uate production of nitrosamines. Overall, the benefits of 
nitrates seem to have been underappreciated, while the risks 
have been possibly overemphasized. 

Does the effect of nitrate differ depending on which bacteria 
live in my mouth? 
There are up to 14 known bacteria which can metabolize 
nitrate into nitrite in the mouth, and these are known to 
vary significantly from one person to the next. The overall 
nitrite-producing capacities of bacteria also seem to differ 
between bacterial samples obtained from study partici-
pants. Differences in bacterial activity are proven to affect 
how much blood pressure is reduced, as there is less of an 
effect when bacteria is destroyed via mouthwash. But while 
differences in bacteria types can plausibly influence the 
magnitude of blood pressure reduction, this has not yet 
been directly investigated.

What should I know?
Oral ingestion of nitrates in hypertensive patients, via beet 
root juice, leads to a reduction in blood pressure that can 
be sustained over the span of 24 hours. Blood pressure 
reduction increased in magnitude for up to four weeks of 
sustained supplementation. These effects occurred regard-
less of whether study participants were on hypertension 
medication.

Due to the significant benefits of nitrates, their lack of 
adverse effects at the concentrations seen in this study, and 
their presence in leafy green vegetables, they have a very 
promising role as an adjuvant treatment in treating hyper-
tension. If you haven’t already been doing so, keep in mind 
the old (and now even more evidence-based) adage to “eat 
your veggies.” ◆

Nitric oxide can no longer be ignored. The research is just 
too strong! To discuss all things nitrates, beets, and leafy 
greens, check out the ERD Facebook forum. 
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Fighting 
back 

against food 
allergies 

with fish oil
DHA-rich tuna oil 

effectively suppresses 
allergic symptoms in 
mice allergic to whey 

or peanut

Introduction
It seems like there’s more information available on fish oil 
every single week. The various uses and health benefits 
of n-3 fatty acids (commonly referred to as omega-3 fatty 
acids) have been extensively researched and reported on in 
the media, on Examine.com, twice in this issue of ERD, and 
also in previous issues (see ERD #2, “Effects of omega-3s 
on brain function from infancy to old age” and ERD #1, 

“Another benefit of omega-3s: A better treatment for epilep-
tic seizures”).

There are several different types of n-3 fatty acids, ranging 
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from 18 to 22 carbon atoms long. All n-3 fatty acids have 
a double bond (thus making it “unsaturated”) that is three 
carbons away from the terminal, or omega, carbon in the 
chain. This differs structurally from n-6 fatty acids, which 
have the first double bond six carbons away from the termi-
nal carbon.

Omega fatty acids are grouped based on how far 
away the first double bond is from the terminal, 
or “omega” carbon. The presence of double bonds 
causes a fat to be “unsaturated”.

The two most discussed n-3 fatty acids are eicosapentaenoic 
acid (EPA) and docosahexaenoic acid (DHA), which are 
found in fatty fish, fish oil, and other marine-based oils. A 
typical western diet has relatively low amounts of n-3 fatty 
acids and more n-6 fatty acids, which are found in vegetable 
oils and animal sources like meat and eggs (although farm 
animals fed their natural diets tend to have higher n-6 lev-
els). Different oils and meats have widely varying amounts 
of n-6 fatty acids. For example, corn oil is relatively rich in 
n-6, whereas olive oil has high levels of monounsaturated 
fatty acids. In addition to fish oil supplementation, n-3 fatty 

acids (particularly DHA) are also added to many infant for-
mulas, as they are typically found in high levels in human 
breast milk.

An inverse correlation has been observed between the con-
sumption of n-3 fatty acids and the prevalence of allergic 
diseases. As dietary intake of n-3 fatty acids has become a 
smaller proportion relative to increased intake of n-6 fatty 
acids, the incidence of various types of food allergies and 
other allergic disorders has increased. Since the reactions to 
some allergens can be life-threatening, investigating allergic 
sensitization is an important area of research. 

There is a correlation between decreases in the 
ratio of n-3:n-6 fatty acids in the average diet and 
increases in the prevalence of food allergies.

The immune system operates by generating molecules called 
immunoglobulins (abbreviated as Ig) against different anti-
gens. These Igs, or antibodies, have several different classes. 
Two of the most common types are IgG and IgE, whose roles 
are summarized in Figure 1. IgG antibodies are responsible 
for the immune response to bacterial and viral infections, 

Figure 1: IgE versus IgG
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while IgE antibodies fight foreign substances and can react to allergens. When 
an allergen comes into contact with IgE bound to mast cells, a cell type in the 
immune system, histamine is released and we experience allergic symptoms. 
Mast cell changes during the allergic response are also responsible for produc-
ing the life threatening symptoms of anaphylaxis.

Antibodies are acquired through either an active exposure or a passive expo-
sure. In active immunization or sensitization, the body generates its own 
antibodies against a foreign body. These antibodies can be beneficial, like 
the ones generated in response to a vaccine. These antibodies can also be 
harmful, like the ones generated inappropriately in response to a food or 
environmental allergen. In contrast, passive immunization or sensitization 
occurs when antibodies are transferred from one person to another. The 
most common scenario where this occurs is the IgG antibodies that are 
transferred from a mother to an infant during birth. This passive transfer is 
temporary, whereas the active generation of antibodies is more long term.

The authors of this study previously showed that n-3 fatty acids in general 
were able to reduce the allergic response to whey in mice by roughly 50%. 
The study under review aimed to build on their previous research to deter-
mine the effects of specific fatty acid consumption on prevention of both 
passive and active allergic sensitization, and reduction of the severity of 
responses to different dietary allergies. 

Who and what was studied?
This study was done on mice fed one of three diets, shown in Figure 2: a con-
trol diet with soybean oil resulting in 53% n-6 polyunsaturated fatty acids 
(PUFAs), a diet with 29% EPA, or a diet with 28% DHA in the form of tuna oil. 

The mice were exposed to an allergen and an adjuvant to stimulate the devel-
opment of an allergy. To begin this immune challenge experiment, test mice 
were force-fed a dose of either peanut extract (PE) or whey protein con-
centrate (whey) to sensitize them to the allergen. Control mice received a 
placebo with no allergen. The exposure to the allergen or placebo was repeat-
ed weekly, then after five weeks the mice received a dermal challenge via an 
injection into the skin of the ear and a final oral dose directly into the stom-
ach (which also contained an adjuvant). 

Changes in body temperature and ear swelling were measured, the mice were 
ranked on a scale from 0-5 for visual symptoms of anaphylaxis, and blood 
was collected in order to measure immune response markers and fatty acid 

Figure 2: Fatty acid 
composition of study diets
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composition of the red blood cells. So essentially, these mice 
were set up to have allergic reactions ranging from ear swell-
ing to anaphylaxis, and were killed after the experiment was 
over by having their necks broken (as is common in experi-
ments like these). 

A second experiment sensitized mice to one of the allergens, 
and then transferred serum from those mice to new mice 
that had been fed the soybean control diet or one of the n-3 
PUFA rich EPA or DHA diets to evaluate passive sensiti-
zation. As before, mice were given allergen or placebo and 
assessed for symptoms of allergic reaction.

Groups of mice eating a diet with different fat-
ty acids added received either peanut extract or 
whey protein concentrate, while control mice 
received no allergens. After five weeks, mice 
received a final oral exposure and a skin injection. 
Measurements were taken to determine the severi-
ty of the induced allergic reaction.

What were the findings?
As might be expected, the dietary fatty acid composition 
of each group caused accumulation of the same fatty acid 
in the red blood cell membranes of the mice in the group. 
The researchers also noted that despite changing the fat that 
was added to the food, no changes in food consumption or 
weight were seen between the different diet groups.

Ear swelling was used as the primary measure of allergic skin 
response in the first experiment. Mice who ate the soybean 
control diet had a significant allergic skin response to both 
whey and PE, with ear thickness measurements approxi-
mately seven and 2.5 fold higher, respectively, compared to 
mice who received placebo challenges with no allergen. 

Both the EPA and DHA diets were able to mitigate the aller-
gic skin response to whey somewhat - a reduction in swelling 
that was statistically significant, but still about four-fold high-

er than the control. For mice exposed to the PE, the EPA diet 
produced no statistically significant response compared to 
the control diet, but the DHA diet reduced the swelling to the 
same levels measured after the placebo challenge. 

Mice fed a diet supplemented with either EPA or 
DHA showed less severe allergic skin responses 
to whey protein concentrate. Only the DHA-
supplemented diet was able to mitigate the 
allergic skin response to peanut extract.

The researchers then measured immune markers in the 
blood. For the mice challenged with whey, only the DHA 
diet was able to prevent an increase in the levels of IgE and 
IgG1, two different kinds of antibodies produced against 
allergens. For the mice challenged with PE, neither diet was 
able to affect the biomarker levels to a statistically signifi-
cant degree. Ear-swelling in both the whey and PE challenge 
groups was positively correlated with increased IgE and 
IgG1 immune response markers, independent of diet. Ear-
swelling measurements were also positively correlated with 
increases in mmcp-1 (a marker for changes in mast cells) 
in the whey-challenged mice, but not in the PE-challenged 
mice. PE mice eating a DHA diet experienced a reduction 
in biomarker levels, compared to the control diet.

For the systemic allergic responses, only whey exposure 
produced measurable differences in the symptoms com-
pared to the placebo. Mice challenged with whey showed 
a drop in body temperature and scored higher on the ana-
phylaxis scale. However, the DHA and EPA diets did not 
significantly change either of these measurements when 
compared to the soybean diet. 

Finally, the researchers examined passive immunity in the 
mice that had been injected with serum from other mice 
after an immune challenge. The EPA and DHA diets both 
reduced ear swelling measurements in mice challenged with 
either whey or PE, with the DHA diet being more effective 
in both cases. 
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Overall, a DHA-rich diet was more effective 
than an EPA-rich or soybean oil control diet at 
reducing immune marker levels in response to 
a whey allergen challenge, and ear swelling mea-
surements after both whey allergen and peanut 
allergen challenges in actively sensitized or pas-
sively immunized mice.

The big picture
These results are in line with other research into the effects 
of n-3 fatty acid supplementation on allergic responses. The 
study authors have previously investigated the role of DHA 
in suppressing allergic sensitization to whey in mice, and 
found similar effects. This study supports those results and 
provides new information regarding EPA and the effects of 
both fatty acids on peanut extract, in addition to whey.

There is still more research to be done to determine the 
mechanisms of action of n-3 fatty acids on the immune 
system in humans. There is, however, quite a bit of evi-
dence to suggest that development of allergies in children 
can be affected by prenatal and early postnatal n-3 fatty 
acid supplementation. Other studies support this idea by 

demonstrating that breastfed infants in the late 70s and ear-
ly 80s had half the incidence of allergies as infants that were 
fed cow or soy based formulas. It was not until the mid-90s 
that commercial formulas with added n-3 fatty acids were 
commonly available.

Food allergy is a major issue, especially in highly industri-
alized nations, and research into food allergies is a highly 
active area. For example, recent evidence has suggested that 
the common practice of withholding peanuts from infants 
may have actually increased the prevalence of peanut aller-
gy. Figure 3 lists the “Big 8” food allergens, that account for 
over 90% of reactions. It’s possible that increased n-3 fatty 
acid content in diets could help chip away at the impact of 
these allergens. Diet alone is not a panacea however, as a 
variety of factors can impact allergic reactions (such as the 
composition of the gut microbiome, one’s home environ-
ment, and even your mother’s diet when she was pregnant). 

The results of this study are supported by previous 
research in mouse models, as well as previously 
observed correlations between prenatal and infant 
supplementation with n-3 fatty acids and the 
development of allergies.

Figure 3: The “Big 8” food allergens -- estimated frequency in US adults
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Frequently asked questions
Why was there such a difference between the two n-3 fatty 
acids? 
It’s difficult to answer this question based on the data from 
this study, but the researchers provided several different 
possibilities. First, since neither n-3 fatty acid diet contained 
only DHA or only EPA, they believed it was possible that the 
ratio between the two n-3 fatty acids may be a contributor to 
the effects, rather than just the absolute concentrations. 

Second, DHA was more efficiently incorporated into the 
mouse red blood cell membranes than EPA. After being fed 
the DHA diet, 13% of the cell membrane was composed of 
DHA molecules. In contrast, after being fed the EPA diet, 
only 7% of the cell membrane was composed of EPA mol-
ecules. Finally, there may be varying results depending on 
the type of allergic disease being investigated, as a differ-
ent study found that EPA was more effective than DHA in 
reducing immune response markers in a cellular model of 
human asthma.

Was the dose of n-3 fatty acids provided to the mice realistic 
for human consumption? 
The authors noted that the ratios of n-3 to n-6 fatty acids 
were “the highest ratio that realistically could be achieved in 
humans through dietary intervention with the use of fish oil 
soft gel capsules,” so it’s likely that the dose could be relevant to 
humans. By comparison, the highest natural human consump-
tion is found in the diet of the Inuit, who typically subsist on 
whale, seal, and other fatty marine food sources, consuming 
about 2.5 times more n-3 fatty acids than n-6 fatty acids. 

The typical western diet is significantly higher in n-6 fatty 
acid consumption. To mimic an Inuit n-3 intake while main-

taining an average western diet you’d need to supplement 
about 20-30 fish oil capsules per day. This level of supplemen-
tation is equivalent to about 110oz of fatty fish, like salmon or 
mackerel, every day - although reducing the amount of n-6 
fatty acids in your diet would also reduce the amount of n-3 
fatty acids you’d need to consume or supplement.

Are these results realistic for prevention or treatment of 
allergies? 
This study only tested prevention, not treatment (and 
in mice rather than humans). The DHA diet was able to 
suppress the allergic response in the passive sensitization 
experiment, but only partially suppress symptoms in the 
active sensitization experiments. As previously noted, pre-
natal and early infant supplementation with n-3 fatty acids 
has already been linked to a reduced incidence of allergies, 
providing some support for prevention rather than treat-
ment. However, it may also depend on the allergen, as the 
results from the whey challenge were different than the 
results from the PE challenge in this study.

What should I know?
Mice fed a diet supplemented with the n-3 fatty acid DHA 
showed decreased levels of systemic and skin allergic reac-
tions when challenged with either whey allergen or peanut 
allergen. The DHA-rich diet was more effective than a diet 
high in n-6 fatty acids, or a diet supplemented with the n-3 
fatty acid EPA. While this is very early research, it lays the 
groundwork for other studies investigating food allergy 
mitigation in humans. ◆

To discuss this study, omega-3 fatty acids, and food allergies 
in general, visit the ERD Private Forum on Facebook.

 While this is very early research, it lays the 
groundwork for other studies investigating 
food allergy mitigation in humans. 
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Metabolic 
chamber of 

secrets: effects 
of protein on 
metabolism 

when overeating
Effect of protein overfeeding on 
energy expenditure measured 

in a metabolic chamber

Introduction
Protein. Carbs. Fat. Each of these three macronutrients have their aficionados 
in the wild world of Internet nutrition discussion. There is some evidence that 
protein consumption is the key to diet-influenced changes in metabolic rate, and 
there are many theoretical mechanisms that have been proposed. Unfortunately, 
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it’s usually much easier to propose mechanisms to explain 
correlations than it is to actually test them.

Studying the effect of diet on metabolic rate is brutal-
ly difficult because of how challenging it is to control all 
of the variables associated with energy expenditure and 
metabolism. This is in addition to all of the usual challeng-
es associated with nutritional trials, such as compliance, 
accurate reporting, and regular assessment. In fact, one 
of the only ways to reliably study metabolism is to literally 
lock a person in a room and measure everything that goes 
into and comes out of that room over a specific time frame, 
including exhaled air and sometimes even urine and feces. 
Figure 1 compares indirect calorimetry (which was done in 
this study) to direct calorimetry. Both are ways to estimate 
heat produced by living organisms, and hence figure out 

energy expenditure. The accuracy of these two methods 
(especially in light of the challenges of performing direct 
calorimetry) is an active area of debate. 

This trial used that kind of “metabolic chamber” during 
certain points in the study to to assess whether protein 
consumption affects changes in energy expenditure in 
people eating a caloric surplus. This caloric surplus was an 
important aspect of the study because protein metabolism is 
somewhat dependent on the amount of calories consumed, 
though it does affect the applicability of the study to dieting 
strategies. Although this study isn’t directly applicable to 
popular diets (such as low carb and even ketogenic dieting) 
because of the calorie and specifically carb surplus, it does 
seek to understand the fundamental effects of high protein 
consumption on metabolic rates and other parameters asso-
ciated with metabolism, such as muscle mass gain. It does 
directly address a question that sometimes pops up: why do 
certain people seem to overeat but not gain as much weight 
as you’d expect?

High-protein diets are thought to increase 
metabolism, although the mechanisms aren’t 
fully fleshed out, and studying the hypothesis 
is difficult because of how many variables must 
be controlled. The purpose of this study was to 
examine whether protein intake affects metabolic 
rates under a calorie surplus in tightly-controlled 
conditions.

Who and what was studied
This study was astoundingly rigorous in its approach (and 
likely at least a little grueling for its participants). Twenty-
five young people, who were either normal weight or 
overweight, were studied in a metabolic ward for 12 weeks. 
This meant that all of their meals were prepared and mea-
sured, all of their activity was controlled and monitored, 
and they generally lived in a medical center for three 
months, with only brief supervised excursions allowed. At 

Figure 1: Indirect versus direct calorimetry
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regular intervals during the study, the participants also 
spent whole days (technically 23.25 hours) in a metabolic 
chamber to assess all of their metabolic inputs and outputs.

The participants’ baseline energy expenditure was stabilized 
by dialing in their calories until they were ± one kilogram 
for two to three weeks with static activity levels, using a 
baseline diet that provided 15% of the total energy from 
protein. Study participants ate this diet for three days and 
then spent a day in the metabolic chamber to assess their 
baseline metabolism.

For the experimental intervention, the patients were 
randomized into three groups: low protein (5% of daily cal-
ories), normal protein (15%), and high protein (25%) diets. 
All patients were fed 140% of their daily caloric require-

ments. Carbohydrate consumption (as a percentage of total 
energy consumed) was 60% in all groups, which meant that 
fat intake was adjusted to make up for the differences in 
protein consumption. This diet continued for eight weeks. 
The participants were assessed in the metabolic chamber on 
the first, second, and eighth week of the intervention. After 
eight weeks, the participants were returned to their baseline 
diet and once again assessed in the metabolic chamber.

A large number of other tests were also performed on the 
study participants. They received DEXA scans for body 
composition every two weeks. These were used along with 
each participant’s resting energy expenditure to estimate the 
mass of the brain, muscle, bone, fat, and “residuals,” which 
basically means “anything that’s not those other four things,” 
and mostly includes the other organs in the body. Figure 
2 shows the average weight of these body components for 
study participants when measured at baseline. 

The urine samples taken from the metabolic chamber were 
assessed for nitrogen content (a measure of protein metab-
olism) and also for adrenaline and creatinine. Fasting blood 
samples were assessed for markers of thyroid function, and 
vastus lateralis muscle biopsies were also taken on assess-
ment days and used for a variety of molecular assessments 
of muscle metabolism.

Twenty-five people lived in a metabolic ward for 
12 weeks and were fed a diet at 140% of their basal 
metabolic rate, composed of 60% carbohydrates, 
and either 5%, 15%, or 25% protein, with the 
remainder being fat. 

What were the findings?
The most important finding was that protein consumption 
was directly related to changes in energy expenditure over the 
course of the study. This was true for both 24-hour and sleep-
ing energy expenditure. In other words, when everything 
else is controlled for, simply eating more protein increased 

Figure 2: Mass of body 
components at baseline
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metabolic rate, at least during a caloric surplus. The change 
in energy expenditure for muscle, fat, and residual mass is 
shown in Figure 3, according to each protein intake group.

Furthermore, the high and normal protein groups both 
gained more weight than the low protein group. But despite 
differences in overall metabolic rate, both the high and 
normal protein groups gained roughly the same amount of 
weight. Muscle and bone mass also increased in these groups 
(muscle by around 2-3 kg for the higher protein groups, with 
a decrease by 1-2 kg in the low protein group), but none of 
the tested molecular markers of muscle metabolism or thy-
roid function significantly changed between groups. 

The low protein group actively catabolized protein despite 
the excess calorie consumption, and their muscle and bone 
mass decreased. These findings mesh with traditional gym 
wisdom that you have to eat sufficient protein to maximize 
mass gain. Finally, adipose tissue gain was similar between 
all three groups, with a statistically insignificant increasing 
trend from the low to high protein diets. 

It’s important to note that the participants in this study were 
generally inactive and were also required to maintain a rel-
atively inactive lifestyle during their time in the metabolic 
ward. Despite these controls, activity still increased during the 
overfeeding period (as measured by accelerometer), and the 
energy burned during that activity also increased, regardless 
of mass gain. Although it’s difficult to say what this finding 
means in the context of diet in normal people, it’s definitely 
interesting enough to warrant further future studies.

The increased calorie burn associated with activity and 
sleeping is also somewhat in line with the finding that much 
of the increased energy expenditure seen with the high-pro-
tein diet was in the “residual tissue”. Although it wasn’t 
directly assessed, the organs most likely to be responsible 
for this energy expenditure are the liver and kidneys, which 
are key organs for processing dietary protein.

The results of this study suggest increased protein 
consumption results in a higher metabolic rate, at 
least during a caloric surplus.

Figure 3: Changes in energy expenditure during overfeeding, by component
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What does the study really 
tell us?
Dietary protein levels likely affect energy expenditure in 
people consuming surplus calories. This effect may even be 
equivalent to a moderate-intensity exercise session. The liver 
and kidneys are likely a large component of this extra energy 
expenditure, which makes sense because they are the prima-
ry organs involved in the metabolism of dietary protein. 

This is coupled with the fact that muscle and overall mass 
increased in overfed groups who also consumed higher 
quantities of protein, without extra addition of fat mass 
(compared to the 
fat mass increase 
in the low pro-
tein group). This 
implies that suf-
ficient protein 
consumption is 
critical for indi-
viduals who 
are consuming 
excess calories 
in an attempt to 
increase muscle 
mass. Conversely, 
excess calories 
alone are insufficient for building muscle and bone mass, as 
seen by the low protein group results, and excess calories 
without sufficient protein can still lead to loss of protein con-
tent in the human body (when living a low-activity lifestyle).

A high-protein diet seems to increase metabolic rate across 
the board, regardless of whether study participants are 
engaging in activity or sleeping. This effect also almost 
immediately disappeared when the participants returned 
to the baseline diet, which means that there’s very little 
“carryover” from one dietary pattern to the next, at least in 
regard to metabolic rates. However, even though the effects 
of increased protein and caloric consumption decreased 

once the dietary intervention ended, the increased muscle 
and bone mass associated with the diets remained, which 
means that long-term follow-up studies are probably need-
ed. Rigorous follow-up studies would be equally difficult 
to perform, since a large group of people can’t realistically 
spend years in a metabolic ward.

The big picture
This study paints a compelling picture: protein intake is a 
major dietary determinant of metabolic rate. However, it’s 
important to not over-extrapolate these kinds of findings. It 
is tempting to read a highly controlled study and to place a 

premium on its 
findings in the 
context of other 
research, but 
it’s also equally 
important to 
recognize that 
the more con-
trolled a study is, 
the more narrow 
the applicability 
of its findings.

Patients were 
fed a great 
excess of cal-

ories. Under these conditions, higher protein increased 
metabolic rate and mass gain, but this does not mean the 
same mechanisms are true for people eating at a caloric 
deficit or even people who are fed isocaloric diets. This 
is even acknowledged in the study’s introduction, which 
discusses how caloric intake levels can affect protein metab-
olism. Based on this and other studies, some of which are 
mentioned above, it is likely that high protein consumption 
increases metabolic rate regardless of total calories con-
sumed, though that was not explicitly studied in this case. It 
is also unclear how metabolic rate is affected during hypo- 
and isocaloric diets.

 [...] sufficient protein 
consumption is critical 
for individuals who are 
consuming excess calories 
in an attempt to increase 
muscle mass.
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One of the great strengths of this study, its mandatory adher-
ence components, also somewhat limits its applicability to 
community nutrition. Very few individuals are 100% com-
pliant with any dietary protocol, and the more work a diet 
requires on the participant’s part, the less likely they are to 
follow it. In this study, all of the participants were housed 
on-site for three months with a fully-staffed kitchen that 
prepared all of their meals using rigorous measurement 
protocols. Although this sort of study design is excellent 
for understanding the mechanisms associated with a given 
dietary intervention, it is wholly unsuited for determining 
whether a given diet is appropriate for the general population.

However, this drawback is diffused for highly motivated 
people who are interested in achieving the same outcomes 
as those in the study. Those groups may not be 100% com-
pliant, but they can often come very close, and thus this 
study’s findings would be more relevant to those groups, 
like dedicated athletes. 

Higher protein consumption while eating a calor-
ic excess built more muscle mass than lower 
protein consumption levels, which supports the 
standard strength athlete wisdom that high-pro-
tein bulking diets work well. In that respect, this 
study provides extra concrete evidence to support 
traditional wisdom.

Frequently asked questions
If I eat high protein while bulking, will the increased energy 
expenditure cancel out my increased consumption? 
First of all, bulking for muscle gain typically involves 
weightlifting, which wasn’t done in this study. Also, this is 
really a question of scale. The high protein group burned 
about 250 more calories than they did at baseline, but that 
is in the context of an extra 950 extra calories per day. That 
means the patients still consumed a surplus of almost 700 
calories per day. If you are trying to bulk with a very small 
surplus, you might be fighting this effect, but more typical 

surpluses of 500 or more calories per day exceeds the extra 
energy expenditure. 

There are also other mechanisms, beyond the role of protein 
consumption, that must be taken into account for ener-
gy expenditure in the average population, such as activity 
levels, stress, and compliance. Energy consumption can 
face similar issues with respect to balancing factors. See 
ERD issue #1, “Umami appetizers backed by science”, for a 
discussion of the concept of energy compensation. Umami 
appetizers may decrease the amount you eat later, but they 
would only have a net beneficial caloric effect if the umami 
appetizer isn’t too high in calories (or if you were going to 
eat an appetizer any way). 

Does this mean that ketosis isn’t as important as high pro-
tein during a diet? 
This study didn’t assess the effects of carb consumption on 

 One of the 
great strengths 
of this study, 
its mandatory 
adherence 
components, also 
somewhat limits 
its applicability 
to community 
nutrition.
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body composition or weight loss. It explicitly looked at ener-
gy expenditure related to protein consumption in cases of 
caloric surplus, so it’s not really appropriate to say that this 
study supports or denies the proposed mechanisms of keto 
dieting. It’s also important to remember that all of the over-
feeding diets in this study derived 60% of their calories from 
carbohydrates, which is very divergent from ketogenic diet-
ing. Not only were these participants not in ketosis, they were 
also actively consuming excess calories and gaining weight.

That being said, the effects of low carb dieting can be due 
to a variety of dietary factors other than ketosis (such as 
maintaining higher than average protein intakes, or having 
overall fewer food choices). Those maintaining a ketogenic 
cannot however eat too much protein, as you can get kicked 
out of ketosis when eating above a certain protein level 
(which differs a bit by individual). 

Are high protein diets better for underweight individuals? 
This study was done on normal weight and overweight indi-
viduals, so it can’t really be applied to underweight people. 
Determining protein intake for underweight individuals heav-
ily depends on why the individual is underweight. If someone 
is generally small and skinny and wants to gain weight, excess 
calories and high protein will likely provide the results they 
are looking for. But if someone has an eating disorder or 
another clinical cause for low weight, they likely have many 
more requirements than just “more calories with lots of pro-
tein” and should be treated by a trained medical professional.

What should I know?
The only effective way to truly assess metabolic changes in 
relation to diet or exercise is to lock people up in a room in 
which everything they take in and excrete is carefully col-
lected and analyzed. This is very time- and labor-intensive 
and isn’t really representative of the real world. However, it’s 
a very good system for assessing mechanistic responses to 
dietary interventions.

This particular study shows that eating excess calories with 
high protein leads to both greater increases in muscle, bone, 
and overall mass and greater increases in metabolic rate 
without substantially affecting gains in fat mass. It’s like-
ly that much of this increased metabolic rate was caused 
by the liver and kidneys processing the “excess” protein 
in the experimental diets. The fact that increased protein 
consumption likely leads to increased metabolic rate may 
be one of the key factors in the effectiveness of low-carb 
dieting (as well as any other dietary approach that includes 
surplus protein), but that is speculative and was not explic-
itly tested by this study. ◆

Protein stems from the greek word “proteios”, meaning 
primary. It’s not only of primary importance to dieters, but 
also a primary topic of conversation on the ERD Facebook 
forum. Check it out. 

 [...] excess calories with high protein 
leads to both greater increases in muscle, 
bone, and overall mass and greater 
increases in metabolic rate without 
substantially affecting gains in fat mass. 
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One meal, two meal, 
three meal, more?

Effects of meal frequency on weight 
loss and body composition: a 

meta-analysis
 
Introduction
The first law of thermodynamics states that energy is not created or destroyed, but rather, it changes 
form. In the world of body weight regulation, this translates roughly to calories in vs. calories out, 
signifying that changes in body weight are dependent on imbalances between the amount of energy 
entering the body and the amount of energy leaving the body. There is no doubt that one must main-
tain a caloric deficit to lose weight, but to stop there would only scratch the surface.

Various nutritional and environmental factors can influence energy storage or expenditure within the 
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context of the first law of thermodynamics. For instance, 
resistance training can help partition a portion of excess 
calories toward muscle growth rather than fat storage. 
Consumption of protein is not only necessary for muscle 
growth, it is also more thermogenic than carbohydrates or 
fats. Moreover, intense exercise attenuates the detrimental 
metabolic effects of overfeeding, and also leads to greater fat 
loss when compared to no exercise.

Another suggested method of optimizing body composi-
tion outcomes is meal frequency. The idea that eating small, 
frequent meals enhances fat loss and aids in weight man-
agement dates back to the classic skinfold thickness data of 
379 Czechoslovakian men published in The Lancet in 1964. 
Since then, observational data has supported the relation-
ship between eating frequency and obesity risk. Proposed 
mechanisms for the benefits include appetite regulation, 
improved glucose tolerance, and the thermic effect of the 
meals. Additionally, increased meal frequency has been 
shown to play a crucial role in the anabolic responses to 
resistance training.

Despite an apparent theoretical basis, studies assessing the 
relationship between meal frequency and body composition 
have conflicting results, perhaps from differences in the 
study populations and procedures. Thus, the current study 
was a meta-analysis aimed at pooling the outcomes of these 
studies to clarify on the relationship between meal frequen-
cy and changes in fat mass and lean body mass.

There have been many studies done to determine 
the effect of meal frequency of weight managment. 
The study under review is a meta-analysis, mean-
ing researchers pooled data from previous studies 
to determine correlation and other relationships.

Who and what was studied?
No one was studied, per se. Instead, the data from existing 
studies was gathered and included in several meta-analyses. 

This allows for greater statistical power to detect outcomes 
of interest, as well as the ability to identify patterns, discrep-
ancies, and relationships between the included studies. In 
order to be included in the current meta-analysis, the stud-
ies were required to meet five inclusion criteria:

1. Had to be a randomized controlled trial (RCT) pub-
lished in English

2. Had to compare unequal feeding frequencies of less 
than three meals per day with more than three meals 

 [...] studies 
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relationship 
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and body 
composition 
have conflicting 
results, perhaps 
from differences 
in the study 
populations and 
procedures.
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per day
3. Had a study duration of at least two weeks
4. Reported a pre- and post-measure of body composition
5. Used human subjects over 18 years of age 

As we can see from the five criteria, there was a lot of wig-
gle-room for study procedures. What measures of body 
composition were used? Were the unequal feedings calo-
rie-controlled? Was protein equal? Were the subjects young, 
old, overweight, or normal weight? Nonetheless, a search of 
the literature for all studies from the beginning of time to 
November 2013 ultimately yielded 15 studies to include in 
the analysis.

A meta-analysis for each measure of body composition 
was created in which the number of meals per day was the 
only experimental variable. Since meal frequency outcomes 
can be affected by numerous other factors such as initial 
body mass of the participants, caloric intake, and actual 
number of meals, a reduced meta-analysis was created that 
controlled for these factors. These reduced analyses were 
then used to generate outcomes when meal frequency was 

categorical (1-2, 3-4, 5+ meals) or binary (high vs. low). 
Thus, each outcome had essentially three meta-analyses, the 
simple continuous (e.g., for each additional meal/day), the 
reduced binary, and the reduced categorical.

The reduced models generated by the researchers were then 
subject to permutation testing. Each study included in the 
analysis was removed one at a time and the outcomes were 
re-calculated. This method allows the researchers to identify 
highly influential studies that may have skewed the results.

This study analyzed the findings from 15 studies. 
Studies had to meet five criteria to be eligible for 
inclusion, which included a human subjects require-
ment and a study duration of at least two weeks.

What were the findings?
Understanding the basics of the studies included in the 
meta-analysis is important to contextualize the outcome. 
Figure 1 summarizes some important study characteris-

Figure 1: Study characteristics

Th
is

 is
 a

 c
om

pl
im

en
ta

ry
 c

op
y 

of
 th

e 
E

xa
m

in
e.

co
m

 R
es

ea
rc

h 
D

ig
es

t.



61

tics. Most of the studies used participants who were under 
49 years old, overweight or obese, and sedentary, with no 
exercise added to the trial.  Also, seven of the studies were 
less than four weeks in duration, with only four studies 
lasting longer than 12 weeks. The inherent limitations of the 
included studies translate directly to the meta-analysis and 
will thus greatly limit the generalizability of the results to, 
for example, the elderly or lean athletes. 

Meal frequency was not significantly associated with 
changes in body weight. However, body weight is a crude 
outcome when it comes to dieting because it fails to account 
for changes in body composition.

Most people imply fat loss when they discuss weight loss. In 
this regard, the simple meta-analysis (with results shown in 
Figure 2) did find a statistically significant reduction of 0.25 
kilograms of fat mass with each additional meal. But remov-
al of a single study (Iwao, et al) from the analysis made this 
finding not significant (p=0.04 → p=0.44). Additionally, in 

the reduced models, higher meal frequencies resulted in 
an average of 0.89 kilograms more fat loss than lower meal 
frequencies, with more than five meals resulting in 1.24 
kilograms more fat loss than one to two meals. But these 
results also became not significant after the permutation 
test. Under no circumstances were the differences between 
one to two and three to four meals or three to four and 
more than five meals statistically significant.

The reason people imply fat loss when they say ‘diet is 
because they want to preserve any and all lean body mass 
(LBM) they have. Unfortunately, the outcomes for preserva-
tion of LBM follow the same path as the outcomes for body 
fat. There was a trend for more meals to preserve more LBM 
(+0.22 kilograms with each additional meal) that became 
nowhere near significant when the same study that impact-
ed the fat mass outcomes was removed (p=0.07 → p=0.96). 
The only reduced model to show a significant difference was 
more than five meals vs. one to two  meals per day, and this 
was not supported by the permutation test results.

Figure 2: Meal Frequency effect on fat mass, by study
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Although outcomes for body weight, fat mass, and LBM 
were not significant in any regard, there still exists a 
possibility that their interaction in the form of body fat 
percentage could be. Indeed, for each additional meal there 
was a significant reduction of 0.23%. But just as with the 
other outcomes, removal of a single study made this out-
come not significant. Even with the study remaining in the 
data set, the significance disappeared when other covariates 
were controlled for in the reduced models, and the permu-
tation test also failed to support a significant finding.

Body fat percentage, fat mass, and lean body mass 
at first appeared to change significantly based on 
meal frequency, with each additional daily meal 
associated with a 0.23% reduction in body fat. By 
removing a single study from the analysis, howev-
er, the statistical significance disappeared.

What does the study really 
tell us?
On the surface, the results appear to favor eating more fre-
quently, as the meta-analyses found significant reductions 

in fat mass with greater preservation of LBM as the number 
of meals consumed increased. However, these outcomes 
were highly influenced by a single study, the removal of 
which rendered the results not significant. Moreover, the 
magnitude of the outcomes was so small that any possible 
benefits may have limited practical relevance.

It is worth digging into the influential study to determine 
why it would have such a profound impact. This study 
found that boxers consuming six meals per day lost less 
LBM and showed lower measures of muscle catabolism 
than boxers consuming the same diet in two meals per 
day. While we should applaud the fact that the diets were 
otherwise matched between the groups, its intrinsic design 
limitations reduce its relevance. 

Aside from the short study duration (two weeks) and small 
sample size (12 men, no women), energy and protein intake 
was incredibly low at 1200 kcal and 60 grams (one gram per 
kilogram) per day, respectively. To emphasize how minor 
these values are, previous research has shown that even 2.3 
grams per kilogram of protein with over 2,000 kcal per day 
cannot fully offset the loss of LBM in a dieting athlete. In 
such catabolic circumstances, it is not entirely surprising that 
eating more frequently would lead to greater LBM retention.

Once the above study was removed from the analysis, meal 
frequency was found to had no influence on body compo-
sition. However, these results are limited to the populations 
used to generate them. That is, overweight and obese sed-
entary individuals. The boxer study was the only study 
included in the meta-analysis that looked at athletes.

With this in mind, it is important to look at yet another 
study that was highly influential in the significant outcome 
favoring body fat percentage reductions with increasing 
meal frequency. In this study, 28 middle-aged, sedentary, 
obese adults (85% women) underwent a four-week weight 
maintenance phase followed by a four-week dieting phase 
in one of three groups consuming 25% less kcal than need-
ed to maintain weight, which was roughly a 500 kcal daily 

 The boxer 
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deficit. The three groups were two high-protein groups 
(35% PRO, 45% CHO, and 20% FAT) consumed either as 
six meals or three meals per day, and a low-protein group 
consuming three meals per day (15% PRO, 60% CHO, and 
25% FAT). 

What made this study unique is that it used a high-protein 
diet, whereas nearly all the other studies used low to moder-
ate amounts. In the high-protein groups, it was shown that 
consuming six meals resulted in greater reductions in body 
fat percentage, primarily through an increase in lean body 
mass, when compared to the other groups. Importantly, the 
six meals were spread 2.5 to three hours apart and con-
tained at least 20 grams of protein each, which may explain 
why LBM increased.

Nonetheless, the significant positive effect for meal frequen-
cy on body fat percentage in this meta-analysis was also 
completely explained by variances in total energy intake, 
as the reduced models that controlled for this showed no 
significant outcome. Additionally, all but two of the stud-
ies included in the analyses did equalize calories between 
treatment groups. This strongly suggests that under calo-
rie-controlled conditions, meal frequency does not alter 
body composition outcomes.

Though initially the analysis under review sug-
gested that more meals per day is associated with 
more fat loss, once caloric variation in the anal-
ysed studies was accounted for, the relationship 
disappeared. 

The big picture
It’s hard to overemphasize the importance of the specific 
study populations and interventions when trying to figure 
out where each piece of the puzzle fits. The meta-analysis at 
hand focused solely on body composition outcomes during 
caloric restriction in primarily sedentary, overweight, and 
obese populations. The big picture really depends on the 

individual. So let’s review some of the evidence on meal 
frequency in different populations and outcomes.

Normal weight populations 
Only three studies in the current analysis were performed on 
lean individuals, with only the boxer study using athletes. In 
one of the studies, fat mass was found to increase marginal-
ly (~0.44% body fat) when going from four to three meals, 
despite a small reduction in caloric intake. In the other study, 
reducing from three to one meal a day reduced body fat. The 
results of these studies offer conflicting ideas, since reducing 
intake from four to three meals leads to slight fat gain, but 
dropping further still to one meal a day results in greater fat 
loss. It is difficult to draw conclusions given the scarcity of 
research in lean and healthy, let alone athletic, populations. 
Important caveats to these studies are that they included low 
protein intake (~16% of kcal) and lacked exercise. Moreover, 
these studies were designed to maintain weight, and there is 
reason to believe that outcomes would be different during 
times of caloric excess, such as during a “bulk.” 

 In one of the 
studies, fat mass 
was found to 
increase marginally 
when going from 
four to three meals, 
despite a small 
reduction in caloric 
intake. 
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Muscle gain 
Some research, primarily using amino acid infusions, sug-
gests that skeletal muscle can become insensitive to further 
stimulus for protein synthesis (MPS) in what is called the 

“muscle full” hypothesis. Originally, researchers demonstrat-
ed that raising blood amino acid concentrations to about 
70% above basal levels led to an increase in MPS after about 
30 minutes, which was maintained until two hours when 
MPS rapidly declined back to baseline despite the mainte-
nance of high blood amino acid concentrations. Two years 
later, the researchers built upon this work and showed that 
it is the concentration of amino acids outside (extracellular), 
but not inside (intracellular), the muscle fibers that stimulate 
MPS. It was also suggested that it is the changes in extra-
cellular amino acid concentrations rather than the absolute 
availability of amino acids that was driving these changes. 

In other words, it is a change from low to high blood amino 
acid concentrations that stimulate MPS. Since levels return 
to baseline after about two to three hours, consuming 
another protein-rich meal at this time in a rinse-and-repeat 
manner would theoretically maximize MPS. In support 
of this, it has been shown that consuming four doses of 
20 grams of whey protein every three hours is superior to 
consuming eight 10 gram doses every 1.5 hours or two 40 
gram doses every six hours for stimulating MPS throughout 
the day. Although it should be kept in mind that increased 
MPS does not necessarily translate into increased muscle 
mass. Nonetheless, this could also explain why the boxer 
study had more LBM retention with six meals per day and 
why the high-protein overweight study actually had muscle 
growth with six meals per day.

Blood sugar and cholesterol 
Another area of interest with regard to meal frequency and 
timing is in blood glucose regulation. An early study compar-
ing a standard three meal diet to an identical 17-snack diet 
found that the nibbling pattern of eating reduced fasting total 
and LDL cholesterol, as well as fasting insulin concentrations 
despite no differences in blood glucose or triglycerides. In 
the previously mentioned one-meal per day study, there were 
no differences of diet on blood glucose, but total, LDL, and 
HDL cholesterol were 11.7%, 16.8%, and 8.4% higher, respec-
tively, in participants consuming one meal per day than in 
people consuming three meals per day. Additionally, a sepa-
rate analysis of this study population showed that one meal 
per day resulted in higher fasting glucose levels and impaired 
morning glucose tolerance. However, both 17 snacks and one 
meal per day are at the extremes of meal frequency and quite 
unrealistic for most people.

To that end, a study in healthy, young, physically active men 
and women compared the glucose and insulin response to 
three vs. six meals consumed over the course of 12 hours, 
with blood measurements being made every 15 minutes. 
This frequent sampling greatly aids in giving us a full pic-
ture of what happens over the course of a standard eating 
window, and the sample population makes the results more 

 [...] having 
higher protein 
intake that 
is consumed 
evenly across 
the day in three 
hour intervals 
appears to be 
beneficial for fat 
loss and LBM 
retention.
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relevant to healthy people and athletes alike. The conditions 
were identical in caloric content, with the only difference 
between the distribution of the calories over the 12 hours, 
and the composition of the meals were 65% carbohydrate 
and 15% protein. It was found that glucose levels remained 
elevated throughout the day with six meals compared to 
three meals, although no 
difference was found in 
the insulin values. When 
these conditions were 
compared to a six-meal 
high-protein diet of equal 
calories (45% protein; 
35% carbohydrate), both 
blood glucose and insulin 
levels were at their low-
est in the high-protein 
condition.

This final study demon-
strates the difficulties 
in drawing conclusions, 
as a simple swap from 
carbohydrate to protein 
changes the playing field 
in terms of metabolic 
response. However, there 
is a consistent pattern to 
the research that supports 
the muscle full hypoth-
esis in normal weight, 
overweight, obese, sedentary, and physically active popu-
lations. In other words, having higher protein intake that 
is consumed evenly across the day in three hour intervals 
appears to be beneficial for fat loss and LBM retention. As 
for carbohydrates and fats, more research is needed to know 
how meal frequency interacts with these macronutrients to 
impact health and body composition outcomes.

Adherence and appetite 
While most studies have been conducted in calorie-con-

trolled environments, a diet is only as good as your 
adherence to it. How meal frequency impacts sensations of 
hunger can make or break a diet, especially for people not 
accustomed to tracking food intake. Some evidence sug-
gests that snacking, at least in the current nutrient-dense 
and widely available food environment, may contribute to 

positive energy balance 
and weight gain. 

At the same time, people 
eating one meal per day 
report significantly greater 
hunger than those eating 
three meals per day, and 
people consuming three 
meals also show greater 
satiety than those con-
suming two meals per day. 
However, there does not 
appear to be a significant 
difference between three 
and six meals per day in 
appetite ratings. It seems 
reasonable to conclude 
that satiety increases with 
meal frequency until 
about three meals per 
day, where no further 
increase is seen. This is 
partially supported by 
other research showing 

that higher protein intake promotes greater satiety, but that 
consuming six meals per day actually reduces sensations of 
fullness compared to three daily meals.

So what is the big picture when addressing meal frequency? 
It is hard to say given that at least half the puzzle pieces are 
missing, and the other half are scattered. In overweight and 
obese people, meal frequency doesn’t appear to influence 
body composition when dieting, but research in lean and 
athletic populations is lacking. Higher protein diets spread-

 Some evidence 
suggests that 
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dense and widely 
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ing consumption out across the day appears to favor LBM 
growth and retention, but research on other macronutri-
ents is lacking. Eating less frequently may have detrimental 
effects on glucose and lipid metabolism, but long-term 
studies are needed to confirm this. So for now, the big pic-
ture suggests a meal frequency that you enjoy.

Frequently Asked Questions
Some people say more frequent meals spurs greater thermic 
effect of food, some say that’s bollocks. What’s the truth? 
It takes calories to metabolize and use the food that we eat. 
This energy expenditure is called diet-induced thermogen-
esis (DIT). Although there are clear differences between 
macronutrients with regard to DIT, with protein being the 
greatest, followed by carbohydrates then fats, the truth is 
that meal frequency differences tend towards being bollocks.

It is true that consuming a single giant meal will produce 
a greater thermogenic response than consuming a smaller 
meal, but if the DIT of all the small meals were added over 
the course of the day, there would be no difference from 

the single giant meal. This has been demonstrated with one 
vs. two meals, two vs. three meals, and two vs. seven meals. 
One study in humans (and an earlier study with dogs) 
showed a thermogenic benefit from higher meal frequency, 
but as seen in Figure 3 the bulk of evidence shows no differ-
ence with different meal frequencies. 

Something to keep in mind, however, is that DIT and the 
overall thermogenic response is only one piece of the puz-
zle. While it may not be different with meal frequency, 
carbohydrate and fat oxidation rates are. For instance, three 
meals have been shown to increase 24-hour fat oxidation in 
healthy women when compared to two meals. Higher meal 
frequencies appear to favor relatively constant carbohydrate 
and fat oxidation throughout the day, whereas lower meal 
frequencies show greater reliance on carbohydrates after a 
meal and greater reliance on fat during the fasting periods. 
Of course, this is also subject to the type of meal consumed 
(i.e. macronutrient amounts).

How frequently do humans eat in a more natural setting, 
like in indigenous tribes? 

Figure 3: Mixed evidence for thermogenic effect of increased meal frequency
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Despite the often claimed ancestral meal pattern of inter-
mittent fasting, there is relatively little research actually 
exploring meal frequency; most literature focuses on 
nutrient consumption. The theory of feast-and-famine 
is characterized by alternating periods of high and low 
degrees of prosperity, and is commonly observed in more 
carnivorous predators such as those living in the African 
savannah. Since humans are omnivorous, many in the paleo 
community have applied this concept to us as well, claiming 
that humans did not have frequent access to food and fre-
quently went 16 hours or longer without eating.

However, this line of thinking is purely theoretical, and 
a recent study strongly challenges this idea. In this study, 
researchers gathered information from a database con-
taining over 186 preindustrial global societies coded with 
thousands of different variables, including famine, diseases, 
marital patterns, incidences of conflict, location, rainfall, 
temperature, plant productivity, and many others. They 
compared hunter-gatherer societies to agriculturalists and 
found significantly less frequent famine in hunter-gatherer 
societies than in agricultural societies, even after adjust-
ment for habitat quality.

In addition to the above, it was also found that warm-cli-
mate hunter-gatherers had a significantly lower frequency 
of famine than cold-climate hunter-gatherers, but that 
planning for famine was significantly more common in 
cold-climate hunter-gatherers. This is in agreement with 
other research demonstrating modern hunter-gather-
ers to frequently engage in various forms of food storage, 
including drying and smoking of meats to prevent spoilage. 
Moreover, a recent analysis of Amazonian hunter-gatherers 
found that they consumed no less than 55 various fruits on 
the spot during foraging and hunting, which is no different 
than snacking.

We cannot say for certain how frequently our ancestors ate, 
and the intermittent fasting explanation is appealing. However, 
more recent evidence based on modern forager societies sug-
gests that in a natural setting, humans do consume set meals 

and snacks. They store food for consumption later on, such as 
in the morning after waking, and snack on foods (if available) 
that are found during times of physical exertion.

I’ve heard about eating around four meals a day, with 
BCAAs in between to maximize muscle gain. Is that a 
worthwhile strategy? 
The primary BCAA is leucine, which has been found to 
independently and significantly stimulate muscle pro-
tein synthesis in young and healthy adults with as little as 
3.42 grams. This has been exemplified by a recent study 
comparing MPS among various protein and amino acid 
combinations both alone and in combination with resis-
tance training in healthy young men. The researchers found 
that 25 grams of whey protein isolate (three grams total 
leucine) was no different from 6.25 grams of whey protein 
supplemented with leucine (5 grams total leucine) in the 
subsequent 4.5 hour total protein synthetic rate.

However, protein synthesis requires all amino acids, so 
stimulating it with leucine or BCAAs alone is like telling 
someone to build a wall without bricks. Thus, taken in 
combination with the “muscle-full” hypothesis discussed 
earlier, using BCAAs in-between meals does appear to be 
an efficient way to keep maximize muscle gain if schedule 
or preference does not allow for an actual meal. Just ensure 
that the time between meals and the BCAAs isn’t too long 
or too short, somewhere around 2.5 to three hours.

Should meal frequency be different if you lift first thing in 
the morning, versus after work in the evening? 
Not necessarily, and much will depend on personal prefer-
ence. If you lift in the morning, you may choose to consume 
a small meal before and after the session or train fasted and 
eat afterwards. Either way, everyone will have their own 

“feeding” window that they enjoy. Typically it is eight to12 
hours, and one recommendation would be to consume a 
meal with protein every three to five hours within that time-
frame so as to stimulate muscle protein synthesis as often as 
feasible.
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Does meal frequency matter as much when you’re doing 
intermittent fasting (either a set window per day or even 
alternate-day fasting)? 
In many of the studies exploring meal frequency, intermit-
tent fasting is somewhat built in to the study protocols. For 
instance, the study that compared one meal daily at dinner 
time had at least a 20 hour fast between meals by necessity, 
while the standard three-meal group had at least a 12 hour 
overnight fast between dinner and breakfast. However, oth-
er studies have controlled for this.

One of the previously mentioned studies in overweight and 
obese individuals compared a traditional 3-meal diet to 
a high-protein diet consumed as either three or six meals 
within a 12 hour feeding window. The results favored the 
six-meal high-protein group for reductions in body fat 
percentage and increases in LBM, which had participants 
eating at least 20 grams of protein every 2.5 to three hours 
(the 3-meal conditions ate every five to six hours). Similarly, 
six carbohydrate-rich (65% CHO; 15% PRO) meals con-
sumed over 12 hours results in significantly greater blood 
glucose levels and lower insulin levels over the eating win-
dow timeframe when compared to the same diet consumed 
as three meals. Yet, consuming six protein-rich meals (35% 
CHO; 45% PRO) led to even lower glucose and insulin 
concentrations.

So meal frequency may matter depending on the goals of 
the individual, as well as the length of the fast and the com-
position of the diet. If the person is overweight and looking 
to shed some pounds to become healthier, then meal fre-
quency appears to be less important than diet composition 
in the grand scheme of things. Research regarding leaner 
and/or athletic populations is lacking, but from a theoret-
ical standpoint, consuming protein-rich meals every three 
hours would be ideal to maximize muscle protein stimulus. 
Depending on the length of the intermittent fast, this could 
range from three meals within an eight hour feeding win-
dow, to five meals within a 12 hour feeding window.

What should I know?
Research is lacking, mostly! There are far too many variables 
that influence how our bodies and minds interact with meal 
frequency, meal size, meal composition, etc. The current 
meta-analysis provides strong evidence that in sedentary 
overweight adults, the meal frequency they enjoy should 
be the one they follow. That said, there may be advantages 
to consuming a higher protein diet spread throughout the 
day. As for other populations, it is too soon to make definite 
recommendations. ◆

With all these different study samples and diets, can we real-
ly conclude much about meal frequency in general? Talk it 
over at the ERD Facebook forum.

 [...] using BCAAs 
in-between meals 
does appear to 
be an efficient 
way to keep 
maximize muscle 
gain if schedule or 
preference does 
not allow for an 
actual meal. 

Th
is

 is
 a

 c
om

pl
im

en
ta

ry
 c

op
y 

of
 th

e 
E

xa
m

in
e.

co
m

 R
es

ea
rc

h 
D

ig
es

t.

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2645638/
http://onlinelibrary.wiley.com/doi/10.1002/oby.20296/full
http://www.sciencedirect.com/science/article/pii/S1751499110000545
https://www.facebook.com/groups/examineERD/permalink/790172637737309/


Examine.com

DON’T HAVE ERD?
SIGN UP FOR YOUR

$1 TRIAL SUBSCRIPTION

Pay as little as $20.83/month a�er your one month trial
Earn continuing education credits

Stay up-to-date on the latest research
Get access to our private forum

CLICK HERE TO TRY
ERD FOR ONLY $1 

Examine.com
Research Digest

Issue 17  March 2016
21

Fish oil and football: 
an unlikely pair

a Biomarker of Head Trauma in 
American Football

http://examine.com/refer/examinecom/professionalemail-2anni?loc=store/erd-trial/


69

INTERVIEW:  

Dr. Shawn J. Green, PhD
Dr. Shawn J. Green has been awarded numerous patents and published over 100 
articles in such journals as Science, Nature Medicine, and Nature. He served as 
an associate editor for the American Society of Microbiology Infection Immunity 
and a reviewer for several biomedical journals. He held academic appointments 
at Catholic, Howard, and Johns Hopkins. He also served as a board member for 
Virginia BIO. While serving at Walter Reed Army Institute of Research, he received the 
Meritorious Service Medal for his work on host response to intracellular pathogens 
and cytokine regulation of nitric oxide synthesis. 

Nitrates are one of our most popular research topics. You’ve actually been in the thick of the research. 
How did you get started in this area? 
Being in the thick of the research is probably stretching it. However, I did have the good fortune to 
contribute in a small way to how cells make and regulate nitrate in response to an infection through a 
newly discovered enzymatic pathway. In the late 80s, nitrate was recognized as a downstream byprod-
uct of nitric oxide, a short-lived gas. Nitric oxide is produced by a variety of different cells, and affects 
a spectrum of biological processes, from the dilation of blood vessels to combating parasites. 

Since that time, I’ve actually been standing on the sidelines, watching the transformation of nitrate, 
which was previously viewed as an incorrectly-characterized carcinogen and toxin, to an inert 
byproduct of nitric oxide synthesis, to a vital micronutrient that is critical to endothelial function. 
This once underappreciated salt found in arugula, spinach, bok choy, celery, plus other leafy greens 
and beets, is emerging as the principle heart health bioactive associated with plant-based diets.  

My introduction to nitrate and how the body makes and regulates it was through the good fortune 
of meeting Drs. John Hibbs at the University of Utah and Michael Marletta at the University of 
Michigan. If the Karolinska Institute were to have given out more than three Nobel prizes, Moncada, 
Hibbs, and Marletta would have certainly rounded out the top five laureates in 1998, for discovering 
nitric oxide as a signaling molecule in our body, especially since their contribution significantly add-
ed to our understanding of the nitric oxide pathway.   
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In 1989, my first assignment as a medical service corps 
captain at the Walter Reed Army Institute of Research was 
to understand how infected cells, in particular, the macro-
phage – a sentinel immune cell found in organs and around 
blood vessels – is often able to rid itself of parasites and 
intracellular bacteria that break into the very cell that is 
suppose to provide the first line of protection. 

At this time, Hibbs and 
Marletta, independent-
ly, were piecing together a 
decade’s worth of work on 
how the macrophage can 
be activated to kill cancer 
cells. Hibbs recognized that 
L-arginine’s conversion to 
L-citrulline was a required 
step, with a nitrogen group 
from L-arginine being 
stripped away as a key part 
of this newfound biochem-
ical process. At the same 
time, Michael found that 
immune-activated macro-
phages produced nitrate. 

With those pieces of infor-
mation in mind, both Hibbs 
and Marletta recognized 
that nitrogen oxide derived 
from L-arginine must be the 
missing link. The soon-to-
be Nobel laureates, Ignarro 
and Furchgott, were inde-
pendently reporting that 
nitric oxide was produced 
by smooth muscle cells to 
relax endothelial cells, which tied nicely into Murad’s dis-
covery that nitric oxide generated from nitroglycerin causes 
vasodilation. Becoming aware of each other’s work through 
their respective publications helped the pieces come togeth-

er regarding nitric oxide production in our body and its 
importance in a number of physiological outcomes. 

Both John Hibbs and Michael Marletta surmised that this 
L-arginine-dependent, nitric oxide generating biochemical 
pathway likely reached beyond the killing of tumor cells to 
control the growth of infections. John discovered that an 
analogue of the semi-essential amino acid L-arginine inhib-

ited the macrophage’s ability 
to kill tumors by blocking 
L-arginine from being used 
by the cell’s nitric oxide syn-
thase, hence, blocking nitric 
oxide and the downstream 
stable byproduct nitrate.  

In a collaborative effort, we 
demonstrated that this 
analogue, which blocks 
non-specific tumor killing, 
was the same for killing para-
sites that resided within cells, 
hence, demonstrating for 
the first time that the nitric 
oxide pathway is turned on 
by the infectious agent. We 
also identified the cytokines 
(chemical mediators from 
other immune cells) that 
regulated nitric oxide syn-
thase in infected cells. The 
byproducts, nitrate and 
nitrite, became surrogates 
for this process. Michael 
Marletta was also character-
izing the enzyme(s) that uses 
L-arginine to make nitric 

oxide, and in doing so makes an antibody to the nitric oxide 
synthase. With this antibody, we were able to zero in on the 
cell types involved in making nitric oxide in relationship to 
the infectious process and mediators involved in regulating it.

 This once 
underappreciated 
salt found in 
arugula, spinach, 
bok choy, celery, 
plus other leafy 
greens and beets, 
is emerging as the 
principle heart 
health bioactive 
associated with 
plant-based diets.
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Collectively, we identified how the pathway was turned on 
and off in different cells by various cytokines. This became 
important because nitric oxide is both a regulatory mole-
cule and toxin; the type of nitric oxide synthase, location, 
quantity, and duration of nitric oxide synthesis dictated 
whether tumors and parasite were killed or blood vessels 
dilated, therefore, fine-tuning the regulation of nitric oxide 
synthesis remains an ongoing research pursuit.

So when exactly did nitrates start being pegged as potential-
ly important and beneficial? 
Since nitric oxide is short-lived, the relatively stable 
byproducts – nitrate and nitrite – were found to be useful 
surrogates of the nitric oxide pathway. However, in the mid 
90s, nitrate emerged as more than a mere by product of the 
nitric oxide synthase pathways, but as a precursor for nitric 
oxide, independent of the nitric oxide synthase pathway. It 
became ever so apparent to me when I was asked to write 
a News & View review article for Nature Medicine, Nitric 
Oxide in Mucosal Immunity, on a paper by Callum Duncan 
and Nigel Benjamin at the University of Aberdeen Medical 
School. They first suggested a nitric oxide synthase-inde-
pendent source of nitric oxide via acidification of nitrite 
in the stomach and subsequently showed the reduction of 
nitrate to nitrite by symbiotic bacteria on the posterior sur-
face of the tongue. 

At the same time, Jon Lundberg and Eddie Witzberg at the 
Karolinska Institute were publishing the first demonstration 
of nitric oxide synthase: independent nitric oxide produc-
tion from inorganic nitrate and nitrite in humans. These 
seminal observations, in my estimation, set the stage that 
dietary nitrate is beneficial. And here we are, nearly decade 
later, with a growing list of clinical studies that provide a 
compelling case that dietary nitrate, especially, when deliv-
ered through leafy greens and beets, may explain the basis 
of the heart-healthy effects of the Mediterranean diet and 
other plant-based diets, such as the DASH diet. 

You went from being a bench researcher to working at a 
healthcare investment bank. How did that happen? 
I’ve always enjoyed the collaborative discovery process 
while working at the bench and I look forward to the day I 
go back. Many of the basic science research questions that 
I was involved with often had a commercial trajectory to it: 
will this project reach beyond the publications and have an 
impact in the drug discovery process or healthcare space? I 
had the opportunity to work on advancing drug candidates 
in oncology, develop a medical device for cell-based tar-
geting of therapeutics, and create an informatics platform 
to access biomedical data more meaningfully for scientists, 
which lead me to work with various start ups and serve as 
an advisor to a healthcare investment bank.  

 [...] dietary nitrate, especially, when 
delivered through leafy greens and 
beets, may explain the basis of the heart-
healthy effects of the Mediterranean diet 
and other plant-based diets, such as the 
DASH diet. 
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Saliva and nitrates is a topic that you know a ton about – 
can you give us a few key takeaways? 
As you know, increasing nitrate-rich plant food intake boosts 
circulating nitrite and nitric oxide-mediated outcomes, i.e., 
improved endothelial function. One of the oddities of nitrate 
handling is that such a large proportion is concentrated 
in the salivary glands. Estimates suggest that nearly 1/3 of 
nitrate load is secreted in saliva, which peaks within two 
hours after eating a nitrate-rich arugula salad or drinking a 
nitrate-rich beet juice. This peak in salivary nitrite correlates 
with plasma nitrite and functional outcomes, such as blood 
pressure lowering in hypertensive people.

It is becoming generally accepted that nitrate-rich plant 
based diets are a principal source for nitric oxide produc-
tion in the body. And this alternative or dietary nitrate 
pathway to nitric oxide synthase may become more relevant, 
especially as we grow older and sedentary, which corre-
sponds with a loss of L-arginine-dependent endothelial 
nitric oxide synthase expression and activity. What’s even 
most striking about the alternative or dietary nitrate-ni-
trite-nitric oxide pathway is: 

First, dietary sources of inorganic nitrate derived plant-
based foods are chemically reduced by both enzymatic and 
non-enzymatic means, ie, XOR, acidosis, etc., and requires 
recycling via the entero-salivary loop from the gut the to 
salivary gland and back to the gut, 

Second, elevated levels of nitrite in blood and saliva align 
with functional outcomes, i.e., blood pressure reduction. 

Third, bioconversion of nitrate to nitrite in saliva is obligato-
ry for functional outcomes: if saliva secretion and nitrite is 
interrupted, the blood pressure lowering effect is blunted. 

Webb and colleagues at William Harvey in the UK in 2008 
elegantly reinforced the obligatory role of saliva in humans. 
Here, ingestion of beet juice containing excessively high 
nitrate by healthy volunteers markedly reduced blood 
pressure up to 8 mmHg. When saliva was disrupted, either 

through spitting or interrupting the conversion of dietary 
nitrate to nitrite in the mouth, the reduction of blood pres-
sure was abated; by blocking the saliva from recirculating, it 
prevented a rise in plasma levels, and blocked a decrease in 
blood pressure, confirming that this was attributable to the 
conversion of nitrate to nitrite in the mouth. 

There was a lag period of approximately one to two hours 
after ingestion, with a peak drop in blood pressure occur-
ring after 2.5 to three hours. This time course of reduction 
in blood pressure correlated with the appearance and peak 
levels of nitrite in the circulation and saliva; again, an effect 
that was absent in individuals within whom the entero-sal-
ivary circuit was disrupted by avoidance of swallowing. 
These observations, together with the fact that nitrite, and 
not nitrate, concentration correlated with the decreases in 

 Estimates 
suggest that nearly 
¹/3 of nitrate load is 
secreted in saliva, 
which peaks within 
two hours after 
eating a nitrate-
rich arugula salad 
or drinking a 
nitrate-rich beet 
juice.
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blood pressure implicate nitrite reduced from nitrate as the 
functional mediator, NO precursor & recycled byproduct of 
beetroot juice-induced effects on blood pressure. 

By interrupting saliva levels in volunteers that already had 
elevated saliva levels, Kapil and coworkers in 2013 (William 
Harvey, UK) showed a rise in blood pressure.  This was 
striking because it aligned with a precipitous drop in both 
salivary and blood nitrite.

Liu’s report in 
2013 assessed the 
acute vascular 
effects of an easi-
ly-achieved intake 
of nitrate, derived 
from a single 
meal contain-
ing nitrate-rich 
spinach, resulted 
in an eightfold 
increase in sali-
va levels, with a 
corresponding 
decrease in pulse 
pressure, systolic, 
and higher large 
artery elasticity index. Other correlates of saliva levels that 
are reflective of blood pressure changes continue to be pub-
lished; i.e., Sobko in 2010 showing that Japanese traditional 
diets abundant in leafy greens elevated both plasma and 
saliva levels, with a corresponding blood pressure decrease.

Can you explain why dietary nitrates may be more desir-
able than nitrites? 
It is well-appreciated that dietary inorganic nitrate ingested 
via greens and beets is both safe and effective at lower-
ing blood pressure and increase athletic performance by 
decreasing oxygen demand. Since nitrate derived from veg-
etables is converted to nitrite, one may think that it may be 
more effective to short-circuit the pathway and consider a 

dietary supplement consisting of nitrite as a more attractive 
strategy. However, only about 8% of ingested nitrate is con-
verted to nitrite, hence, the plasma nitrite is relatively low 
and the half-life of nitrite is approximately 15 to 30 minutes, 
in comparison to nitrate, which has a half-life of five to 
seven hours. With that said, it may be prudent to eat natural 
vegetable sources of nitrate, such as whole vegetables and 
vegetable juice, thereby, allowing the body to naturally ‘dose 
the body’ through this circuitous pathway involving the 

bioconversion 
via saliva.  

How about 
non-exercise 
benefits of 
nitrates? 
The biggest 
cause of death 
worldwide is 
cardiovascular. 
However, dietary 
lifestyle mod-
ification can 
actually delay 
cardiovascular 
damage, if not 
reverse it. Daily 

inorganic nitrate consumption through leafy greens and 
beets may be as effective as an anti-hypertension drug inter-
vention in terms of reducing blood pressure. 

Ahluwalia and coworkers at Queen Mary University of 
London just reported in that patients with high blood 
pressure, who drank nitrate-rich beetroot juice daily, expe-
rienced a decrease in blood pressure of about eight mmHg, 
which for many patients brought their blood pressure levels 
back into the ‘normal’ range. The typical reduction in blood 
pressure through a single anti-hypertensive drug is nine 
mmHg. Therefore, these findings suggest a role for dietary 
nitrate as an effective, easy and affordable treatment in man-
aging blood pressure with similar results to drug treatment. 

 Daily inorganic nitrate 
consumption through 
leafy greens and beets 
may be as effective as an 
anti-hypertension drug 
intervention in terms of 
reducing blood pressure.  
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And keep in mind that every two mmHg increase in blood 
pressure increases the likelihood of death from heart dis-
ease by 7% and stroke by 10%. 

Aside from a reduction in blood pressure, study participants 
experienced a 20% increase in blood vessel dilation capac-
ity and around a 10% reduction in arterial stiffness. These 
changes in blood vessel function have been shown, by other 
studies, to be associated with substantial reductions in heart 
disease. There were no adverse side effects from the daily 
dietary nitrate.

Sifting through the twenty or so patents that you hold, I 
see a lot concerning angiogenesis. We had previously 
interviewed a cancer-angiogenesis researcher – what appli-
cations of angiogenesis inhibitors did you research? 
Ironically, the regulation of nitric oxide is in many way sim-
ilar to angiogenesis. Both are tightly controlled. And in both 
cases, too much is bad and too little is equally problematic. 

In the case of inducible nitric oxide synthase, mediators 
referred to as cytokines are released from neighboring 
immune cells that both turn on the synthase to combat 
infection and quickly dampen it with resolution of the 
infection and before causing extensive tissue inflammation 
and damage. In like fashion, a homeostatic balance between 
positive and negative endogenous angiogenesis regulators 
governs vascular growth, where neovascularization is nor-
mally suppressed. Unfortunately when angiogenic growth 
factor production is upregulated, or when endogenous 
inhibitors are downregulated, angiogenesis is accelerated to 
supply tumors and other vascular-dependent disease.  

With that said, I was most intrigued with endogenous anti-
angiogenic candidates produced by the body to keep the 
pro-angiogenic factors in check. While serving as scientific 
director of EntreMed, we collaborated closely with Judah 
Folkman at Children’s Hospital Boston at Harvard in explor-
ing the merit of a number of endogenous factors, including 
metastatin, endostatin, angiostatin, and 2-methoxyestradiol 
(Panzem), which is an intriguing estrogen breakdown prod-

uct that exhibits potent anti-proliferative activity.  

Epidemiologic studies have suggested that increased con-
sumption of certain whole foods containing natural sources 
of antiangiogenic molecules, including glucosinolate-rich 
brassica vegetables, resveratrol-containing grapes, nitrate-
rich leafy greens, and other bioactives such as lycopene and 
cryptoxanthin, can improve health.

Prevention of angiogenic-based diseases by ensuring the 
balance of anti-angiogencs may be accomplished through 
lifestyle dietary choices.

We have quite a few scientists who read the ERD, and some 
are interested in pursuing business. Any tips for them? 
Scientist interested in bringing their discoveries to the 
marketplace should consider reading two books. The first is 
Rework by the founders of 37signals, Jason Fried & Davis 
Heinemeier Hansson, and the second is The Art of Start 
by Guy Kawasaki. My tip is to read these books with your 
invention, product, or service platform in mind. I sense 
it will be self-evident as to what the next step will be. And 
afterwards give a shout to brainstorm … I am always inter-

ested in learning more about the next disruptive business. ◆ 

 
Shawn has started a number of life science initia-
tives, including Berkeley Test, Labbook BSML, and 
Maxcyte. He also served as a founding director of 
discovery research at EntreMed to commercialize 
the work of Dr. Judah Folkman, who founded the 
field of angiogenesis research, which has led to 
the discovery of a number of therapies based on 
inhibiting or stimulating neovascularization. 

Dr. Green received his PhD on characterizing a 
hyaluronate receptor and MBA in finance & strat-
egy from Georgetown University. Presently, he 
serves as an advisor to a healthcare investment 
bank and various start-ups.
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INTERVIEW:  

Adel Moussa
Adel Moussa, aka “Prof. Dr. Andro” is a physicist who teaches at a German university. 
He maintains a fitness and nutrition blog called SuppVersity. Adel frequently ana-
lyzes issues that are subject to common myths in nutrition and exercise.

Most people know you as Prof. Dr. Andro. Some may know that you’re German and have a physics 
background. Very mysterious. What took you from just interested in nutrition to diving into the deep 
end? 
I was disappointed with the information that was available on the Internet back in the day. I wanted 
to know which supplements and exercises work and I did not want to rely on hearsay and “brosci-
ence.” So I started to read paper after paper on Pubmed, subscribed to the mailing lists of all relevant 
science magazines and started to write about the studies I found most interesting at www.suppversity.
com. Eventually I ended up publishing one article a day and have continued to do so until today. I am 
still not making any money off it, but being able to learn something new every day and the positive 
feedback I get from many of the SuppVersity readers makes all the work worthwhile.

You must get a lot of questions about optimal post-workout macronutrient intake and those kind 
of issues. In your opinion, which topics are less important to focus on for muscle gain / fat loss, and 
which are more important? 
Ah, yes. The questions. I had dozens, ... no hundreds of them, myself, when I began to learn about 
nutrition, exercise, and supplementation years ago. And yes, most of them were 100% irrelevant. I 
mean, who cares if you use whey protein concentrate or whey protein isolate after workouts. That’s 
about as irrelevant for 99.9% of the gymrats as the difference it may make if you consume this shake 
at the gym or later, when you get home. And still, many people act (and ask me questions) as if their 
lives would depend on it.

As I said before: I am guilty of having made the same mistake. I have wasted hours and days of my life 
pondering questions like these and I have invested way too little effort into the optimization of the 
really important parameters of dieting and training success. Parameters that are related to the follow-
ing set of five fundamental questions:
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1. Do I get enough sleep and rest?
2. Do I eat enough total protein (1.6-2g/kg body weight), 

consume enough fats and carbohydrates to optimally fuel 
my workouts and focus on whole vs. processed foods?

3. Do I record my training results and make constant 
progress on all the “big” exercises (squats, bench presses, 
deadlifts or barbell rows, pull ups or lat pulldowns)?

4. Do I follow the classic cutting / bulking cycles without 
starving myself during the cutting and eating every-
thing in sight during the bulking phases?

5. Do I really need all those expensive supplements I am 
taking and what will happen if I don’t take them for a 
month? 

The last question in particular is one many trainees should 
ask themselves. Seventy-five percent of the people asking 
me about ways to improve their supplement regimen are 
(a) taking at least eight products that are 100% useless and 
did (b) not take care of the most important determinants of 
success related to questions one through four. No wonder 
they are similarly desperate as I was more than 10 years ago, 
when I actually believed not being able to develop a decent 
six-pack was in either my genes or a mere result of taking 
the wrong supplements.

Have you made any changes in your diet or supplementa-
tion based on evidence you’ve seen in the past couple years? 
I certainly did. I can hardly be mad about the aforemen-
tioned questions about supplements I get from people who 
don’t sleep enough, don’t follow a progressive training reg-
imen and don’t eat enough (or way too much on a diet) to 
achieve their ambitious aims – I made all these mistakes 

before. Luckily, the only thing it cost me was time and mon-
ey. These days, I have cut my supplements from an expensive 
dozen back to creatine monohydrate, whey protein, tau-
rine, sodium bicarbonate and the occasional low-stimulant 
pre-workout drink I consume merely for the taste of it.

Diet-wise, I have returned to a high(er) protein diet (1.6-
2.0g/kg body weight) with a relatively balanced contribution 
of fats and carbohydrates to the total energy intake. I also 
stopped counting calories. I go by portion sizes and rough 
estimates and make sure to get 30g or more of quality protein 
(meats, fish, dairy, chicken, eggs, etc.) with every meal. This 
has made my life significantly easier and has not had a visible 
negative impact on my physique or physical performance.

Let’s say you were given a few million dollars to run clinical 
trials with. Which unanswered questions would you try to 
answer? 
That’s a tricky question. I guess I would conduct a series 
of studies on different body-part training splits to try to 
elucidate the optimal training frequencies and intensities 
for strength and size gains. What I certainly would not do, 
though, is spend the money on supplement research.

Megadosing supplements has sometimes been found to cause 
detrimental effects. For which supplements do you warn 
against high doses, and which situations do you think allow 
for megadoses (at least over a moderate period of time)? 
One of the most commonly overdosed group of supple-
ments are stimulants. Even plain caffeine entails - when it 
is taken chronically in dosages of more than 600-800 milli-
grams - the risk of “burning you out.” And I am not talking 

 Seventy-five percent of the people 
asking me about ways to improve their 
supplement regimen are taking at least 
eight products that are 100% useless 
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about “adrenal fatigue,” here. I am simply referring to the 
necessary consequence of abusing stimulants to postpone 
or even skip necessary periods of rest and recuperation. If 
you realize that your beloved “stims” start to lose their effect, 
drop them before the hole you dug has become so deep that 
your quality of living, your performance at work and in the 
gym, and your health and physique begin to suffer.

Next on the list of “do not overdose” supplements are chro-
mium, vitamin B6 (which does not prevent gyno bros!), 
iodine, selenium or zinc. All of them are essential, but all 
of them can have detrimental health effects when they are 
consumed in crazy high amounts. 

Anyway, it would be easy to continue the list of examples 
where taking more does not help more. The list of supple-
ments where mega-dosing is beneficial, however, is pretty 
short. Glutamine, for example, may be beneficial for people 
who are suffering from inflammatory pathologies of the 
digestive tract. The evidence that taking 20 grams or more 
per day will actually help is similarly weak as it is for vita-
min D3, where taking 2,000 IU per day with a fatty meal is 
more than enough for 99.9% of us. Dosages of more than 
5,000IU per day, on the other hand, appear to be sensible 
only for those of us who suffer from inflammatory diseases 
or have another health condition that has led to a significant 
lab-confirmed decline in 25OHD.

We talk about article retractions in ERD at times. Many 
people not familiar with research methodology end up tak-
ing the abstract at face value — what sorts of things should 
they watch out for as far as shady data, or less obvious but 
likely biased results? 
I would suggest to start with the methodology section (aka 
“methods”) instead of the conclusions. I know most of you 
will say they have no clue how to evaluate what they are 
seeing there, but eventually you all know that ...

• in vitro (cell) studies are good to elucidate basic mech-
anisms, but do not necessarily allow to make practical
recommendations on how to train, eat or supplement,

• studies with low numbers of subjects will yield less reli-
able results than studies with higher numbers of subjects,

• epidemiological studies where large sets with data of
questionable accuracy are analyzed may help to identify
correlations, but they cannot prove causal relationships,

• comparing a multi-ingredient supplement (e.g. pro-
tein, BCAA, other amino acids, etc.) to plain sugar
(maltodextrin) is not a relevant litmus test for a com-
mercially available supplement. That would have to be
tested against the basics, like whey and creatine,

• a lack of randomization or blinding, the absence of
dietary and/or activity control and the use of non-sig-
nificant study outcomes like BMI only vs. body
composition analyses reduce the practical significance
of the results of scientific studies.

I could add at least 20 additional items to the list, but in 
order not to live up to my reputation of being “loquacious” 
(not my words), I will leave you with only one additional 
advice: Do not jump to conclusions based on a single study. 
If you are not sure what to make of it, try the “related arti-
cles” link in Google Scholar or, if you are not the kind of 
guy or gal who reads scientific papers, ask people like the 
authors of ERD or myself to comment on it. ◆

As a trained physicist Adel is an autodidact when 
it comes to exercise and nutrition science. With 
the number and quality of the mini-reviews of 
the latest papers he publishes on his website 
Suppversity, he has made a mark in the health 
and fitness industry. 

As the latest addition to the ERD review team 
(starting next month), Adel is going to put a spe-
cial emphasis on the real world implications of 
the studies we review. After all, learning what 
works and what doesn’t was the original reason 
Adel started to delve into the latest nutrition, exer-
cise and supplementation research.
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