


Letter from the Editors
Dear Reader, 

Happy spring! We are excited to announce the debut of our 2021-2022 edition
of the Harvard Science Review! HSR has been the premier undergraduate science
magazine at Harvard College since 1988 and we have had the honor of preserving
its long lasting legacy. 

This year, our theme is “Seeing the Invisible.” Many aspects of science are invisible
to the naked eye, from molecular biology to psychology to nanoparticles. In this
PZZ\L��^YP[LYZ�JOVZL�[V�PU]LZ[PNH[L�LWPNLUL[PJZ��Z[LT�JLSS�[OLYHW`��[OL�LќLJ[�VM�T\ZPJ
on heart conditions, and so much more. 

(Z�[OL�WHZ[�[^V�`LHYZ�OH]L�ILLU�KPѝJ\S[�MVY�\Z�HSS��^L�OH]L�NVUL�[OYV\NO�T\JO
rebuilding, reworking, and recovery. We lost the ability to have physical print
copies of the magazine due to COVID-19, but are grateful to bring back this
tradition. Thanks to strong and dedicated past leadership, the Harvard Science
9L]PL^�OHZ�ILLU�HISL�[V�W\ISPZO�VUSPUL�[V�JVU[PU\L�IYPUNPUN�[OL�SH[LZ[�ZJPLU[PÄJ
advances, breakthroughs, and debates to our readership. We will continue to
publish both online and in print. 

We would like to extend a very special thank you to everyone who has contributed
to this magazine. We would not be here today if it wasn’t for our writers, editors,
designers, and lovely Board. We hope you enjoy this new edition of the Harvard
Science Review as much as we do! Thank you for reading and supporting the
Harvard College science community. 

Your Co-Presidents & Editors-in-Chief, 
(Ä`H�8\Y`ZOP�HUK�,TTH�4HJ2LUaPL�
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Introduction
 With over 700 species of bacteria, 
the oral microbiome houses one of the 
most diverse ecosystems of bacteria within 
the human body.1 While the mouth is one 
of the most accessible areas of the body 
to study bacteria, the oral microbiome 
remains a frontier—30% of the micro-
biome cannot be cultivated, or grown, 
independently, and countless more bacte-
rial species have not yet been discovered.2 
Studying these bacteria and their relation-
ship with each other as well as with their 
environment (i.e. di"erent aspects of the 
mouth from teeth to gums) provides great 
insight into the role that this vast ecosys-
tem plays in determining our oral and 
overall health.

How do bacteria live in our 
mouths?
 While some oral bacteria exist 
by #oating in our saliva or other liquids 
within the 
mouth, most 
grow on one 
of the mouth’s 
many surfaces: 
bio!lm, a sticky 
layer found in 
gum pockets and 
teeth. A bio!lm 
is formed when a 
single bacterium 
latches onto a surface in a process that is 
aided by its physical structure (such as its 
#agella and pili) or chemical manipulation 
(proteins or other adhesins). Once the 
bacteria are attached onto the surface, they 
harness polymers from the environment 
to form a sticky matrix that allows them 

to grow and proliferate as well as include 
other microorganisms within the mouth. 
$e microbial community that arises from 
this process is known as dental plaque. 

How do we study the oral 
microbiome?
 “I didn’t clean my teeth for three 
days and then took the material that has 
lodged in small amounts on the gums 
above my front teeth [...] I found a few liv-
ing animalcules,” wrote Dutch scientist and 
merchant, Antonie Philips van Leeuwen-
hoek, upon observing his oral microbiome 
under a microscope in 1680.3 $is marked 
the !rst time that the human oral microbi-
ome was studied. His notebook drawings 
of these “living animalcules’’ closely resem-
ble some of the most prevalent bacteria 
that make up our oral microbiome.3

 Over three centuries later, we are 
still extracting bacteria from our plaque 
to study (though we luckily do not need 

to avoid cleaning 

our teeths for three 
days to do so). 
$anks to new 
forms of tech-
nology, scientists 
have better ways to 
observe and study 
oral bacteria.
 Since the 19th 
century, most 
of the currently 
known bacterial 
species were dis-

covered using culture techniques. Scien-
tists identi!ed the bacteria by isolating 
its colonies from dental plaque grown on 
culture medium and subsequently de-
duced its properties through a wide variety 
of lab techniques, from Gram staining 
to microscopy. While these traditional 
methods have been useful in helping 
discover hundreds of oral bacteria species, 
one limitation to this approach is that it 
assumes that scientists know the optimal 
growth condition (pH, nutrients, oxygen 
levels, etc.) for the bacteria. However, for 
a large number of bacteria, known as the 

The Oral Microbiome: 
An Important Microcosm to Understand Our 

Body’s Macrocosm

John Lin

A portrait of Antonie Philips van Leeu-
wenhoek, the !rst person to study the 
oral microbiome under the microscope 
(source: Wikimedia Commons).

As a result of the rise of new 
sequencing methods, a third of 

the species within the oral 
microbiome have been 

uncovered, despite being 
uncultivable in the lab.
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“uncultivables,” their ideal lab conditions 
are unknown, making them di&cult to be 
isolated and studied in a lab setting. For 
these bacteria, a newer technique, known 
as next-generation sequencing, is used, 
applying a molecular technique to address 
a microbial problem. 

Next-Generation Sequencing 
and Bacteria Discov-
ery
 Next-generation 
sequencing (NGS) is a relatively 
recent sequencing technique 
used to identify individual 
microbial communities within 
a larger conglomerate. NGS 
does this by examining the 16S 
ribosomal RNA (rRNA) of the 
bacterial genome, which are spe-
cies-speci!c. $is means that they 
are conserved within the same 
species but are di"erent across 
di"erent species, making them the 
ideal candidate to identify new 

species. Since NGS uses DNA sequences 
as a method for identifying bacteria, there 
is no need to isolate these bacteria within 
pure cultures. Overall, NGS is a powerful 
tool for streamlining the process of bacte-
rial discovery.
 As a result of the rise of new 
sequencing methods, a third of the species 
within the oral microbiome have been un-
covered, despite being uncultivable in the 
lab. $rough uncovering these individual 
species, we have been able to get a glimpse 
of interesting relationships between these 
uncultivable bacteria. 
 For example, Saccharibacteria is 

a newly discovered species of oral 
bacteria that lives a rare parasitic 
lifestyle on top of other larger bac-
teria, such as Actinomyces odonto-
lyticus and Pseudopropionibacte-
rium propionicum. By examining 
these relationships, scientists are 
examining and debating the health 
implications of Saccharibacteria. 
One recent study suggests that 

these parasitic bacteria helps maintain a 
healthy balance within the mouth by sup-
pressing the in#ammation of its harmful 
hosts.4 $e discovery of these uncultivable 
bacteria is incredibly important to further 
branch out our understanding of the oral 
microbiome and its relationship to our 
health. 

Using the Oral Microbiome to 
Understand Oral Diseases
 $e interactions between the 
oral microbiome and our own mouth are 
a driving force in determining our overall 
oral health. Similar to the gut microbiome, 
most of the bacteria within our mouths 
are harmless and even promote health 
by modulating a health balance between 
harmless and harmful bacteria. However, 
imbalances within the oral microbiome re-
sult in harmful oral microbiome diseases. 

 One 
of the most 
prevalent 
diseases in 
the world, 
dental caries 
(otherwise known as “cavi-
ties”) a"ect over two billion 
people globally.5 Caries is 
de!ned by tooth decay, but its 
underlying cause is due to the 
proliferation of a speci!c type 
of bacteria, known as Strepto-
coccus mutans, which attaches 
onto dental surfaces by form-

ing bio!lms with the carbohydrates 
from the residues of food within the 
mouth. Once attached to the surface, 
as an anaerobic bacteria (a bacteria 
that does not depend on oxygen to 
grow), S. mutans, undergoes a met-
abolic process known as glycolysis, 
breaking down the sugars within the 
bio!lm and secreting lactic acid as a 
byproduct. As more bio!lm builds 

up due to an increase in sugar 
intake or infrequent removal of 
plaque (i.e. not brushing your 
teeth), the pH of the environ-
ment dramatically decreases 
from a pH of 7.0 to 5.0 - 6.0 as 
acid build up increases. Since 
the tooth surface, called the 

enamel, begins demineralizing at a pH of 
around 5.5 to 6.5, the acid produced by 
S. mutans results in the enamel breaking 
down and leads to tooth decay. 
 For more serious oral diseases 
(such as periodontitis, which is de!ned 
by chronic in#ammation of the gums as 
a result of poor oral hygiene and health), 
the oral microbiome serves as an indica-
tor for overall oral health. Comparing the 
microbial communities between health 
and diseased patients, scientists have been 
able to identify microbes associated with 
periodontal disease, known as red-com-
plex bacteria. While the exact cause behind 
the bacteria’s role in causing periodon-
titis is not completely known, scientists 
speculate that it may have something to 
do with their ability to evade the immune 
system within the mouth by downregu-
lating in#ammatory proteins.6 $rough 
the identi!cation of these red complex 

bacteria, new diagnostic 
tests, such as BANA, 
have been developed to 
better predict and assess 
risk for periodontitis 
using the oral microbi-
ome.7

The Oral Microbi-
ome: A Window 

Into the Rest of the Body
 A more recent approach to 
studying the oral microbiome is looking at 
its relationship to more systemic diseases 
within the body, such as cardiovascular 
and neurodegenerative diseases. Patients 
with diabetes have far higher amounts 
of bacteria that are associated with oral 
diseases, indicating that the prevalence of 

Some of Leeuwenhoek’s drawings of bac-
teria (source: Wikimedia Commons).

Comparing the microbial communities 
between health and diseased patients, 

scientists have been able to identify 
microbes associated with periodontal disease.

$e high prevalence of 
pathogenic bacteria within the 
gums from periodontitis could 
#ow into the bloodstream and 

enter the heart...ultimately 
causing cardiovascular disease.
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bacteria that promote in#ammation within 
the gums could have a role in promoting 
the onset of Type 2 diabetes (which is 
characterized by high in#ammation). 
 Similarly, other studies !nd a 
positive correlation between heart disease 
and periodontitis. $e high prevalence 
of pathogenic bacteria within the gums 
from periodontitis could #ow into the 
bloodstream and enter the heart, which 
will signal an immune response through 
cytokines and other proin#ammatory pro-
teins. $e in#ammation that results from 
!ghting these bacteria within the heart 
could also lead to damage within the heart 
tissue, ultimately causing cardiovascular 
disease. 

Conclusion
 Your mouth is a host to over six 
billion individual bacteria, which make 
up hundreds of bacteria species. New 
technology has allowed us to examine the 
microbiome at a close level and hypoth-
esize its implications for oral health and 
overall health. However, there is so much 
more out there. As a result of this wealth 
of knowledge, there are a wide variety of 
di"erent approaches that scientists are 
taking in applying this knowledge. Within 
the mouth, scientists are now examining 
the functionality of these newly-discovered 
bacteria in order to better understand their 
relationships with our health. More broad-
ly, a further dive into the exact mechanism 
in how the oral microbiome in#uences 
overall health is another important and 
exciting !eld within oral microbiology. In 
any case, despite occupying a few hundred 
centimeters squared in area, the vast diver-
sity of bacteria that is the oral microbiome 
presents so many exciting opportunities to 
learn and study how bacteria interact with 
each other and impact our overall health. 

Works Cited

[1] Deo, P. N.; 
Deshmukh, R. JOMFP. 
2019, 23(1), 122–28. 
[2] Verma, D. et. al. Arch 
Microbiol. 2018, 200(4), 
525-40. 
[3] He, X.; Shi, W. Int. 
Jour. of Oral Sci. 2009, 1(2), 
47–58.
[4] Chipashvi- li, O. et 
al. Cell Host & Microb. 
2021, 29(11), 1649-62.
[5] Oral Health. 25 March 
2020. World Health 
Organization https://
www.who.int/
news-room/ fact-
sheets/de- tail/
oral-health#:~:-
text=Oral%20 health%20
condi-
tions,-$e%20 ma-
jority%20 of&text=-
Globally%2C%20 it%20
is%20estimat- ed%20
that,from%20 caries%20
of%20prima- ry%20-
teeth (accessed Feb. 11, 
2022).
[6] Curtis, M. et al. Cell 
Host Microbe. 2011, 
10(4), 302-6. 
[7] Mohanty, R. et al. J 
Family Med Prim Care. 
2019, 8(11), 3480-86. 

John Lin is a !rst-year living in Greenough, 
planning on concentrating in Human 
Developmental and Regenerative Biology.

Source: Pixabay     6



 What if how you ate had the po-
tential to in#uence your risk for COVID? 
Researchers have already established that 
having certain health conditions, such 
as obesity and Type 2 diabetes, leads to a 
higher severity of COVID-19 complica-
tions.1 However, information surrounding 
the impact of diet on COVID-19 epidemi-
ology, which measures who gets sick, and 
phenomenology, which measures how 
sick they get, is still relatively limit-
ed. In response to this de!ciency of 
data, Harvard-a&liated researchers 
at Massachusetts General Hospital 
(MGH) sought to learn more about 
the linkage between diet quality and 
COVID-19 risk and severity, along 
with how these factors interface with 
poverty and other social determi-
nants of health. 
 Jordi Merino, Ph.D., a Research 
Associate at the Diabetes Unit and Center 
for Genomic Medicine at MGH and an 
Instructor in Medicine at Harvard Med-
ical School, led a recent study regarding 
this matter published in Gut. In the study, 
Merino and eighteen colleagues found 
that patients with healthy plant-based 
diets experienced lower risk of both 
contracting COVID-19 and facing severe 
symptoms a'er infection.2 First, the 
researchers sourced pre-pandemic dietary 
data from 592,571 participants through 
a frequency questionnaire and evaluated 
their diet quality using a healthful Plant-
Based Diet Score, a metric that assesses 
consumption of healthy plant-based foods 
like fruits and vegetables.2  Next, they 
evaluated COVID-19 symptom severity 
through a smartphone-based survey.2  

 Over the course of the study 
period, researchers recorded 31,815 
documented cases of COVID-19.2 A'er 
conducting data analysis, they determined 
that the top 25% of study participants with 
the most plant-based diets had a 9% lower 
risk of contracting COVID-19 compared 
to the bottom 25% of study participants 
who had the least plant-based diets. Partic-
ipants with healthier diets also had a 41% 

lower risk of having severe COVID-19 
symptoms (de!ned as requiring oxygen 
and hospitalization) compared to their 
counterparts, who have much less of a 
plant-based diet.2  
 However, following the publi-
cation of the Merino study’s staggering 
!ndings, epidemiologists nationwide 
were quick to emphasize that healthy 
eating is not a silver bullet for staving o" 
COVID-19. “$is doesn’t change any-
thing. Get vaccinated,” emphasizes Dr. 
Aaron Glatt, an infectious disease spe-
cialist and spokesman for the Infectious 
Diseases Society of America.3 
 Merino himself agreed that the 
public should not misinterpret the study’s 
!ndings as a justi!cation for healthy eating 
replacing vaccination or mask-wearing.3 
Rather, the research merely identi!es that 
unhealthy diets may serve as a socioeco-

nomic risk factor for COVID-19. 
 Ultimately, the researchers 
concluded that diets rich in healthy plant-
based foods were consistently linked with 
diminished COVID-19 risk and severity.2 
Merino and colleagues postulate that this 
association may be especially prevalent in 
populations with higher socioeconomic 
deprivation, likely due to the wide-rang-
ing impacts of food deserts — “geo-

graphic areas where residents’ access 
to a"ordable, healthy food options 
(especially fresh fruits and vegetables) 
is restricted or nonexistent due to 
the absence of grocery stores within 
convenient traveling distance.”4 As a 
result, Merino suggests that increasing 
access to healthy foods in low-income 
communities could aid in reducing the 

pandemic’s burden on socioeconomically 
marginalized populations.3

Sophia Scott is a !rst-year student from 
Los Angeles, California studying Biology 
and Chemistry.
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Introduction Introduction 
$e role of music in society is common across almost all cultures, and music has truly become pervasive in almost all aspects of 
our society today. One such aspect is medicine. A remarkable partnership between music and medicine has existed since nearly 
the advent of medicine itself. In fact, in 400 BC, Hippocrates, namesake of the renowned Hippocratic Oath still sworn by doctors 
newly entering the medical profession, o'en played music for his patients.1 Music and healing have thus had an inherent associ-
ation in many di"erent cultures from ancient times.1 

In addition to the immense emotional and psychological bene!ts, music also has the ability to produce remarkable biological 
and physiological changes that contribute to the improvement of overall health. Recent work has also revealed striking similar-
ities in observable patterns in music and human physiological signals,2 further reinforcing the longstanding conviction in the 
connections between music and human health. Due to the proven bene!ts of music to health, music has been used as a clinical 
therapeutic in a variety of contexts. While at !rst glance the two may appear to be unrelated !elds, the connections between 
music and medicine are undeniable.
 
$e Impact of Music on the Heart
Heart rate, blood pressure, and breathing rate. $ese are three of the most important physiological vital signs monitored by 
medical professions in each patient, and music has been empirically shown to have clear, tangible e"ects on all three of these 
physiological metrics. For instance, music has the ability to decrease heart rate and blood pressure in patients with cardiovascu-
lar ailments, thereby also leading to decreased pain and anxiety in these patients.3 Additionally, the type and genre of music also 
seems to have an impact on the induced physiological responses. 
One experiment testing this relationship showed that individuals exposed to exciting music have increased heart rates and 
respiratory rates compared to individuals exposed to tranquilizing music.3 Such !ndings carry clinical signi!cance, as exposure 
to di"erent types of music can be used to manipulate physiological responses in a targeted way in order to create a clinically 
desirable outcome. For example, exposure to tranquilizing music could be used to slow the heart rates of patients su"ering from 
anxiety attacks, arrhythmias, or any other conditions that could abnormally elevate the heart rate. Soothing patients and helping 
them remain calm during stressful procedures and operations is a vital part of medicine, and music o"ers an optimal avenue for 
doing so.
$e di"erent responses provoked by di"erent genres of music are even more pronounced in a 2016 study by Trappe and Voit 
in which subjects were exposed to works by Mozart, Strauss, and ABBA.4 Speci!cally, exposure to music by Mozart and Strauss 
decreased the subjects’ blood pressure and heart rate, while exposure to music by ABBA did not seem to have signi!cant e"ects.4 
Additionally, compositions by Mozart produced the largest decrease in blood pressure and heart rate.4 $us, it was proposed 

$e Healing $e Healing 
Power Power 
Of MusicOf Music

Mythri AmbatipudiMythri Ambatipudi
Human Heart Diagram Source: Wikimedia Commons
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that quiet, steady music with a slow tempo and long legato phrases could have a bene!cial impact on the cardiovascular sys-
tem.4 $e especially large di"erence provoked by Mozart compositions was interpreted as an indication that periodicity and 
repetition, which characterize many Mozart pieces, are especially bene!cial for cardiac health.4 In contrast, it was theorized 
that music by ABBA did not provoke similar responses not only because of the di"erent emotional response it evoked but also 
because of di"erences in rhythm and the presence of lyrics.4 
Such studies indicate that it is not just music in general but rather particular types and rhythms of music that are most im-
pactful for physiological signals like heart rate, blood pressure, and breathing rate. $ese !ndings provide crucial insight into 
selecting the optimal type of music when using music as a supplemental therapy in clinical settings. 

$e Impact of the Heart on Music$e Impact of the Heart on Music
 In addition to inducing physiological changes, many musical patterns bear a close resemblance to the patterns of clinically 
relevant physiological signals. Several musician-mathematicians have transcribed the rhythms of cardiac electrical abnormal-
ities into musical notation, i.e. they used a system of quarter notes, eighth notes, etc. with constant pitch (since rhythm, not 
pitch, is being studied) to denote the lengths and timing of beats in the rhythm of the heart during these abnormalities.2 Using 
these transcriptions, these scientists discovered that a remixed version of Le Grand Tango, composed by Astor Piazzolla, has a 
rhythm that matches the heart rhythms of atrial !brillation.2 Similarly, the rhythms in many of Beethoven’s compositions have 

also been seen to match the rhythms in many cardiac arrhythmias.2 For example, 
when ECG readings were recorded during ventricular tachycardia, the observed 
rhythms seemed to clearly parallel the rhythm of the well-known opening se-
quence of Beethoven’s Fi'h Symphony.5

Cardiologists have theorized that the reason for the striking similarities between 
cardiac abnormal rhythms and the musical patterns in Beethoven’s pieces could 
be Beethoven’s innate awareness of his own cardiac arrhythmias.2 From a more 
technical standpoint, scientists believe that arrhythmias parallel musical rhythms 
so well because musical rhythms, while they may vary in tempo and beat, ulti-
mately have some degree of periodicity.5 Consequently, the duration ratios (i.e. 
the ratio of consecutive intervals between di"erent portions of a rhythm) o'en 
align fairly well between musical patterns and arrhythmias.5 

Although scientists do not yet have a complete understanding of why cardiac 
physiology creates these parallels with musical patterns, these !ndings have the 
potential to in#uence the communication and transfer of information between 
the !elds of music and medicine.5 It may also be possible in the future to identify 
the physiological basis for these parallels and use these !ndings to inform new 

therapeutic and diagnostic techniques for arrhythmias. For example, if the acoustic properties of the heart are studied, it may 
be possible to identify which structures or geometric features in the heart are responsible for producing these rhythms that 
parallel musical patterns.5 $is could allow doctors to more accurately diagnose arrhythmias and identify their causes. 
Another possible future clinical application of these !ndings may be to treat arrhythmias by surgically making structural 
modi!cations to the heart or repurposing treatments like vibroacoustic therapy to counteract the acoustic features that enable 
these abnormal rhythms.  Especially given the previously described impact of music on physiological signals, gaining a deeper 
understanding of the parallels between musical patterns and cardiac rhythms may lead to a more targeted use of musical 
therapy by scientists and clinicians. $us, these !ndings may lead to remarkable advances and exchange of technologies and 
techniques between medicine and music.
 
Music as a $erapeutic Treatment Music as a $erapeutic Treatment 
Given the noteworthy connections between music and physiological signals, the logical next step is to consider their imme-
diate therapeutic role in medicine, particularly for conditions involving the brain. Music has been used in conjunction with 
traditional medicine for a range of health conditions, including Parkinson’s disease, depression, and anxiety, and even prema-
ture birth. Exposure to music and di"erent sound vibrations, known as vibroacoustic therapy, has been seen to have a num-
ber of bene!cial impacts on patients of Parkinson’s Disease, including reduced rigidity of motions, better walking speed, and 
reduced tremors.6 Similarly, researchers at Johns Hopkins found that periodic group singing activities improved voice strength, 
mental clarity, and quality of life in Parkinson’s patients.7 Symptoms like rigidity, tremors, weakened voice, and impairment of 
locomotion are some of the most debilitating and intractable symptoms of Parkinson’s, so the tangible improvements to these 
symptoms granted by music therapy are remarkable.
Likewise, in patients with depression, music has once again been shown to have a signi!cant positive impact. Using music 
therapy in conjunction with regular treatment for depression was seen to lessen depression symptoms as well anxiety.8 Music 
has also been demonstrated to have other psychological bene!ts. For example, exposure to music reduces the levels of cortisol, 

Heart Diagram Source Wikimedia Commons
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a stress hormone, and can therefore decrease stress and promote relaxation.6 Not only can this be a health bene!t, but it can also 
be helpful for the medical professionals administering care, as it can aid in keeping patients relaxed in high-stress situations, such 
as prior to surgeries, during IV insertions, and during emergency room visits.6 $us, music as a supplement to traditional medi-
cine bene!ts not only the patients but also the medical professionals. 
Finally, music therapy also produces notable improvements in the health of premature infants. Not only can the soothing e"ect 
of music improve the infant’s sleeping and eating patterns whilst lowering their heart rates, but some forms of music therapy can 
also mimic sounds inside the womb.6 Additionally, another less noted e"ect is the calming e"ect this music therapy also has on 
the parents of the premature infants.6 Considering the immense stress parents of premature infants face in the early days a'er 
the birth of their child, this in#uence of music therapy, though less o'en recognized, is equally bene!cial. $us, music therapy 
has been used as a supplement in the treatment of a variety of ailments, both physical and mental, in patients of di"erent ages, 
demonstrating the possibility for a near-universal bene!t.
 
ConclusionConclusion
In summary, music has a steadily growing role in the !eld of medicine. Although music has been used as a supplement to tradi-
tional medical care since nearly the early days of medicine, observations and !ndings in more modern times have contributed to 
the recent rise in attention to the relationship between music and medicine. Observational studies have revealed the remarkable 
impacts music has on human physiological signals, as well as the unexpected parallels between musical rhythms and physiolog-
ical signal patterns. However, in addition to these observations, active measures to integrate music into medical care have also 
demonstrated enormous success. $us, with further investigation and observation, music has immense potential to become a 
noteworthy partner to traditional treatments in the practice of medicine.

Mythri is a senior in Leverett House studying Bioengineering.
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The Surprising Potential 
of a Diabetes Drug for 
Lifespan Extension

Lara van Rooyen
     In his bestselling book Lifespan, Har-
vard researcher Dr. David Sinclair argues 
that “aging is a disease. I believe that it is 
treatable.”1

     Dr. Sinclair has dedicated much of his 
career to elucidating the molecular mech-
anisms underlying aging. While much of 
the biomedical research space is focused 
on understanding and targeting the pro-
cesses involved in speci!c diseases (many 
of which are age-related), Dr. Sinclair in-
stead proposes targeting the mechanisms 
that contribute to age-related in!rmity in 
the !rst place. A'er decades of research, 
he pioneered the information theory of 
aging, postulating that aging is mostly due 
to epigenetic dysregulation, the loss of 
information about how genes should be 
controlled within a speci!c cell type.2

     $rough work done in his and other 
labs, Dr. Sinclair has found several drugs 
that increase lifespan and overall health in 
mouse models. One such drug is metafor-
min, which is regularly used to treat type 2 
diabetes, has a favorable safety pro!le, and 
is low-cost.  
     $is area of research began through 
scienti!c observations that metformin 
seemed to result in lower rates of cancer, 
cardiovascular disease, and all-cause mor-
tality in people with diabetes than those 
without.3 $is discovery led to studies in 
mice models, which showed that giving 
regular doses of metformin to healthy 
mice increased their lifespan by 6% and 
conferred signi!cant protection against 
cancer.4 
     At the molecular level, in addition to 
decreasing the metabolism of cancer cells, 
aiding in the breakdown of misfolded 
proteins that could cause disease, and 
increasing the metabolism of mitochon-
dria, metformin also activates a gene 
called SIRT1.5 SIRT1 is part of a family of 
genes called sirtuins, which are involved in 
altering some of the epigenetic markers on 
DNA and have been implicated in longev-
ity. Mice that are engineered to express 
more SIRT1 live longer and are resistant to 
a whole host of diseases.6 

 
     To contribute to an increased under-
standing of how metformin might work to 
extend healthy lifespan, the Sinclair lab re-
cently tested how metformin and another 
activator of SIRT1, called SRT1720, might 
interact.7 However, while both of these 
drugs increased lifespan when adminis-
tered alone, combining them decreased the 
mean survival of these mice, possibly due 
to widespread kidney disease. $is surpris-
ing discovery illustrates the importance of 
carefully monitoring the extent to which 
these so-called “longevity genes” are acti-
vated or inhibited and ensuring that they 
are optimally active to confer a lifespan 
bene!t on the organism. Another surpris-
ing caveat to the bene!ts of metformin is 
that the age at which this drug starts to be 
administered is a hugely important factor 
in how well it might ultimately work in 
presenting disease and increasing lifespan 
– when given to mice from the age of three 
months and onwards, it increases both 
mean and maximum lifespan signi!cantly, 
but when given later in life, at 10 months 
of age, this increase is not observed.8

     Keeping these caveats in mind, Dr. Sin-
clair and other members of the American 
Federation for Aging Research are gearing 
up to launch a six-year long clinical trial 

called Targeting Aging with Metformin 
(TAME).9 $is study, which will be enroll-
ing over 3,000 healthy adults between the 
ages of 65 and 79, will investigate whether 
regular metformin doses will help delay 
age-related diseases in people without di-
abetes. Despite the aforementioned mouse 
research showing the ine"ectiveness of 
metformin when administered later in 
life, it would be prohibitively expensive 
and time-consuming to give metformin to 
young people and observe them for long 
enough to measure the onset of the dis-
eases of old age. If this study could show 
metformin increasing average life expec-
tancy by even a single year, it would rep-
resent an economic bene!t of $38 trillion. 
$is would further emphasize the bene!t 
of attempting to validate the life-extend-
ing properties of metformin as soon as 
possible, even if that means starting with 
an older population, in which metformin 
treatment might be less bene!cial.10

While the TAME trial is currently still in 
the fundraising stage, as co-founder of the 
journal Aging and co-director of the Paul 
F. Glenn Center for Biology of Aging Re-
search, Dr. Sinclair is continually working 
to advance our understanding of getting 
older, with the goal of allowing individuals 
to delay their midlife crises to well beyond 
their 4th or 5th decade of life.

Lara van Rooyen is a Junior in Pfor-
zheimer House studying Molecular and 
Cellular Biology with a secondary in 
Psychology.
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IntroductionIntroduction
Innovation in the smallest parts of life 
o'en ripples outward and a"ects the world 
on a much larger scale. Nanotechnology, 
more than just an explanation for the in-
explicable science !ction plot holes, is an 
example of one such complex and diverse 
!eld whose innovations could a"ect our 
lives and the way we think about subjects 
ranging from medicine to agriculture. 
$ough it might seem as though nano-
technology is all about minute computers 
and robots, the word actually encompasses 
a much broader de!nition. $e National 
Nanotechnology Initiative de!nes nano-
technology as having a size between 1–100 
nm in at least one dimension, but nano-
technology is more commonly referred 
to as the engineering and manufacturing 
of materials at the atomic and molecular 
scale.1 Despite the small stature that the 
name and de!nition imply, nanotechnol-
ogy has many promising innovations with 
much larger e"ects, including improved 
drug delivery systems, novel cancer treat-
ment and detection systems, and methods 
for sustainable agriculture.

Initial Nanomedicine: Drug Initial Nanomedicine: Drug 
DeliveryDelivery
Nanotechnology innovations in medicine 
involve various materials and methods, 
but the two main !elds of research that 
it covers are drug delivery vehicles and 
nanomaterials.1, 2 Created in the 1960s, the 
!rst drug delivery system used lipid ves-

icles called liposomes that were essentially 
spherical sacs of phospholipids containing 
the desired drug (Figure 1).1 $ough this is 
not “technology” in the sense of containing 
wires or machinery, it still falls under the 
umbrella of nanotechnology due to the size 
of the liposomes. Since then, there have 
been many innovations in drug delivery, 
from creating the !rst controlled-release 
polymer system for delivery of macro-
molecules, drug delivery systems capable 
of responding to changes in pH to trigger 
drug release, to cell-speci!c targeting of li-
posome.1 By 2009, over 24 nanotechnology 
therapeutic products had been approved for 
clinical use, a testament to the advancement 
of medical nanotechnology.1 
Presently, one very large area of continuing 
nanomedicine research in drug delivery is 
the improvement of the delivery vehicle. 
Finding a good delivery vehicle for drugs 
depends heavily on the biocompatible 
materials used and the biophysicochem-
ical parameters of the delivery vehicle.1 
Optimization of parameters such as size, 
shape, charge, and surface hydrophilicity 
(attractedness to water molecules) of the 
delivery vehicle leads to more e"ective drug 
delivery.1 $e nature and density of the 
ligands on the surface of these vehicles can 
also impact their circulating half-life as well 
as their biodistribution.1 Optimization of 
these factors could allow researchers to de-
velop drug delivery methods that are most 
e"ective for drug delivery.
 

Nanomedicine in CancerNanomedicine in Cancer
One of the largest and most compel-
ling applications of these innovations in 
nanomedicine can be seen in the e"ect of 
nanotechnology on cancer detection and 
treatment techniques. Cancer is a debil-
itating disease and is the second highest 
leading cause of death in the United 
States.3 Cancers o'en start as localized dis-
eases but spread to other parts of the body 
making them incurable.4 Current cancer 
treatments are limited to chemotherapy, 
the use of chemicals to treat the cancer, 
radiation therapy, the use of radiation to 
rid the body of the cancer, and surgery 
designed to remove the cancerous parts 
of the body.4 Even with advances in these 
techniques making them more viable, 
there are many drawbacks to our current 
cancer treatments, including nonspeci!c 
systemic distribution of antitumor agents 
and inadequate drug concentrations at the 
tumor site, issues that could be improved 
by using advances in nanotechnology for 
drug delivery.4 Improvements in drug de-
livery would directly translate to improved 
delivery of therapeutic drugs for cancer 
patients, reducing many of the drawbacks 
around current cancer therapies. 
In addition to the improvement of lipo-
some drug delivery techniques, cancer 
research has uncovered many other nano-
technological improvements that can lead 
to better cancer treatment and detection. 
$ese innovations in cancer therapy ripple 
out from a few main types of nanotech-
nology, namely nanoparticles, and carbon 

$e Invisible Science of Nanotechnology $e Invisible Science of Nanotechnology 
for Medical Treatmentfor Medical Treatment

Aaron BradfordAaron Bradford

Nanoart-Fluorescence Source: Wikimedia Commons
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nanotubes.4 As previously discussed, lipo-
somes are vesicles that can deliver drugs to 
the body.1,4 In particular, polyethylene glycol 
(PEG)ylated liposomes, also called ‘stealth’ 
liposomes, have displayed inhibited interac-
tion with plasma proteins and mononuclear 
phagocytes, leading to longer circulation 
times in the body.4 One previous disadvan-
tage of liposome drug delivery was due to 
high chemical uptake removing liposomes 
before they completing their tasks.5 $is in-
novative use of using (PEG)ylated liposomes 
thus increased the e&cacy of cancer thera-
peutic delivery due to increased circulation 
time.
  Liposomes are de!ned as lipid 
structures within the class of nanoparticles, 
submicron-sized colloidal particles (particles 
smaller than a micron suspended in a #uid) 
with a therapeutic agent of interest contained 
within it or attached to the surface.4 Nanopar-
ticles are characterized by the self-formation 
in solutions containing water of an outer 
hydrophilic layer and an inner hydrophobic 
core which contains the therapeutic agent.6 
Surface modi!cations allow nanoparticles to 
be targeted to speci!c sites, allowing for in-
creased speci!city of therapeutic treatment.4 
Nanoparticles can also cross many biological 
barriers like the blood-brain barrier, mean-
ing that drug-loaded nanoparticles can be 
targeted to areas like the brain a'er intrave-
nous injection.4 $e blood-brain barrier is 
designed to be a highly selective barrier, so 
the ability to send therapeutic drugs through 
it is very valuable, especially for treatment of 
brain-based cancers.7

  Carbon nanotubes have been stud-
ied in relation to many types of nanotechno-
logical research, but in the sense of medicine, 
they can also be used for drug delivery. 

Carbon nano-
tubes are hex-
agonal carbon 
tubes made 
up of benzene 
rings, rings 
of six carbons 
linked to-
gether.8 $ese 
tubes can be 
single walled 
(SWCNTs) 

and made by folding one sheet of graphene 
(carbon atoms in the shape of benzene rings 
forming a sheet), or multiwalled (MWCNTs), 
made by folding multiple sheets of graphene 
(Figure 2).8 SWCNTs in particular are being 
studied for drug delivery because they have a 
high optical absorbance in the near-infrared 

regime, which allows them to heat up 
under laser irradiation and destroy can-
cer cells inside them, providing a new 
therapeutic option.4 A few recent studies 
have also found that drugs bound to 
carbon nanotubes are more e"ectively 
internalized into cells than free drugs.4

 
Targeting Techniques for Targeting Techniques for 
Nanotechnological $era-Nanotechnological $era-
peuticspeutics
$e bottom-line e"ective cancer treat-
ment with nanoparticles would involve 
the nanoparticles reaching their select-
ed target with minimal loss of volume 
or activity and then selectively killing 
tumor cells without a"ecting normal 
cells.4 $ese two requirements can 
be satis!ed by either passive or active 
targeting.4

Passive targeting is when a drug 
accumulates at a desired site because 
of the size of nanoparticles and prop-
erties of the tumor.4 One example of 
this is drug accumulation as a result 
of unique tumor vasculature. Tumors 

use a process called angiogenesis to 
recruit their own blood vessels as they 
grow.9 Unlike normal blood vessels, 
these blood vessels have gaps as large 
as 600–800 nm between cells.4,10 $ese 
gaps induce the EPR e"ect (enhanced 
permeability and retention), allowing 
macromolecules, such as nanopar-
ticles containing tumor suppressing 
drugs, to leak out of these vessels and 
directly into the tumor.4,11 As a result of 
di"erent vasculature in tumors, using 
nanoparticles to deliver drugs can 
result in dramatic increases in thera-
peutic drug accumulation, o'en more 
than tenfold increases, an undeniable 
improvement on previous methods of 
therapeutic drug delivery.4, 12 However, 
one potential area of concern with 
reliance on cancer speci!c vasculature 
is the potential development of gaps 
due to other circumstances. Since the 
passively targeted nanoparticles are 
designed to slip through the gaps of 
cancer vasculature, there is also the 
change of them slipping through the 
gaps of non-cancerous vasculature 
that has developed gaps as a result of a 
process like acute or chronic.10

  Active targeting instead 
involves using homing particles, like a 
monoclonal antibody or a ligand to de-
liver the drug to the target site.4 Instead 
of arriving at the site by circumstance, 
more like passive targeting, nanopar-
ticles directed by active targeting are 
directed to the speci!c sites through 
the addition of the homing particle. 
Active targeting has more consider-

Figure 1: $e structure of a liposome (Source: Wikimedia Commons)

Figure 2.1: Single-walled carbon nanotubes Source: 
Wikimedia Commons

Figure 2.2: multi walled nanotubes (right) Source: Wiki-
media Commons
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ations than passive targeting, requiring 
that only tumors express the selected 
antigen or receptor, otherwise normal cells 
could accidentally be targeted.4 Active 
targeting also requires that the target 
antigens and receptors are not shed into 
the bloodstream, which could lead to 
complications.4 $ese two advances in 
nanotechnology use in medicine provide 
opportunities for many other new and 
noninvasive methods of cancer therapy.
 
Improved Cancer Detection Improved Cancer Detection 
TechniquesTechniques
Improvements in cancer detection have 
come from the introduction of nano-
materials to the !eld. Some of the key 
nanomaterials that are being used in 
cancer detection include quantum dots, 
gold nanoparticles, carbon nanotubes, and 
gold nanowires.2 For cancer patients, their 
chance of survival is highly dependent 
on early detection of the cancer so that it 
can be treated.2 Current cancer detection 
methods are not very powerful at the early 
stages of cancer, which is when they would 
be most and therefore, improvement of 
such detection techniques through meth-
ods such as the application of nanotech-
nology are crucially useful.2

         Cancers can be detected through 
certain biomarkers, which can be proteins, 
protein fragments, or portions of DNA or 
RNA.2 Current research now focuses on 
using biomarkers in concert with nano-
technology and biosensors for improved 
early cancer diagnosis. Nanoparticles 
are very important for this research 
because they have unique optical, mag-
netic, mechanical, chemical, and physical 
properties that allow for more sensitive 
and precise biomarker detection.2 In 
particular, gold nanoparticles (GNPs) have 
special optical properties that make them 
good candidates for nanomedical research 
in cancer diagnosis.2 Studies have found 
GNPs to be less cytotoxic (leading to cell 
death) and more resistant to photobleach-
ing (loss of color under light) than the 
previously used conventional dyes.2 Since 

GNPs avoid many of the current issues 
of biomarker identi!cation as a method 
of cancer detection, they allow for much 
more e"ective biomarker identi!cation 
and thus better cancer diagnosis. 
 
ConclusionConclusion
Nanomedical research started with the 
development of lipid vesicles to introduce 
drugs into the body but has grown to 
include nanomaterials as forms of drug 
delivery and more. $ough the concepts 
of early detection and improved drug 
delivery are very attractive, research-
ers will likely have to conduct much 
more research to understand how using 
nanoparticles in this way will a"ect the 
body and how to avoid potential issues 
like false positives or extremely detrimen-
tal side e"ects. In the future of nano-
medical research, it is likely that most 
of this research around nanoparticles as 
drug delivery mechanisms and biomark-
er detection systems will continue to 
address these issues and other issues that 
might arise surrounding nanotechnology. 
Eventually, nanomedical research might 
develop into mechanisms that could be 
put into practice by doctors to treat and 
diagnose their patients, changing the way 
we look at treatment and detection of not 
just cancer but a myriad of other illnesses.
 
Aaron Bradford is a First-Year studying Electrical 
and Computer Engineering who lives in Matthews 
Hall.
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It’s 27 kilometers long, 100 meters un-
derground, and stretches through two 
di"erent countries. $e Large Hadron 

Collider (LHC), one of the most powerful 
particle accelerators to ever be constructed 
is truly a feat of human innovation.( Run 
by CERN, the European Organization for 
Nuclear Research, the LHC is one the lead-
ing projects in experimental physics — 
and has been since its inception in Septem-
ber 2008. $e LHC — consisting of four 
main particle detectors: ALICE, ATLAS, 
CMS, and LHCb — works by colliding 
two high-energy particle beams that are 
moving close to the speed of light. When 
the particles collide, the energy forms new 
particles or subatomic particles. $erefore, 
the LHC can essentially create or produce 
new subatomic particles.)

In one of the greatest physics discover-
ies of recent memory, researchers at CERN 
and the LHC announced in 2012 that ex-
periments had revealed and proven the 
existence of the Higgs Boson (a.k.a. “$e 
God Particle”), the !nal elementary par-
ticle theorized to exist by physicists Peter 

Higgs and François Englert (and others) in 
their groundbreaking 1964 papers.* Higgs 
and Englert later won the Nobel Prize in 
Physics in 2013 “for the theoretical dis-
covery of a mechanism that contributes to 
our understanding of the origin of mass of 
subatomic particles, and which recently 
was con!rmed through the discovery of 
the predicted fundamental particle, by the 
ATLAS and CMS experiments at CERN’s 
Large Hadron Collider.”*

Harvard physicists have long been in-
volved in research at the LHC.4 A group 
of Harvard physics faculty known as the 
Energy Frontier Group, a subgroup of the 
Laboratory for Particle Physics and Cos-
mology (LPPC), has been directly involved 
with the ATLAS Experiment at the LHC.5 
$is group consists of prominent physics 
faculty such as Professor Melissa Franklin, 
Professor John Huth, and Professor Masa-
hiro Morii. ATLAS (A Toroidal LHC Ap-
paratus) is a precise detector for the LHC 
that was designed to capture and record 
the particle collisions of the LHC, which 
occur at over one billion interactions per 

second.+ Measuring in at 46 meters long 
and 25 meters in diameter, ATLAS is the 
largest detector ever constructed for a 
particle collider. Behind the scenes, the 
ATLAS team consists of over 5500 mem-
bers and nearly 3000 scienti!c authors 
— earning it its title as one of the largest 
scienti!c collaborations ever.

Big news was recently made at the 
LHC when scientists, for the !rst time 
in history, detected neutrino candidates. 
Neutrinos are uncharged subatomic par-
ticles that have extremely small mass like 
electrons.) Because of this tiny mass, 
neutrinos have historically been di&cult 
to detect. In “First Neutrino Interaction 
Candidates at the LHC,” a paper pub-
lished on November 24th, Henso Abreu 
et al. describe the !rst neutrino interac-
tion candidates at the LHC, setting the 
stage for high-energy neutrino mea-
surements in the future., $e CERN re-
searchers observed six neutrino interac-
tions, and they stated that the neutrinos 
were created during the initial runs of an 
emulsion detector in 2018. $e detector 
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consists of dense lead and tungsten metal 
plates with layers of emulsion in between.) 
Emulsion plates work similarly to old pho-
tography !lm, so !lm strips reveal protons 
as the !lm develops (a'er being exposed 
to light) whereas the emulsion plates re-
veal neutrino interactions a'er being pro-
cessed. $e particle collisions during this 
test produced the neutrinos which le' 
noticeable imprints in the emulsion plates 
a'er colliding with nuclei in the metal.

$e implications for this discovery are 
signi!cant in the world of experimental 
and theoretical physics. Jonathan Feng, a 
co-author on the paper and physics and 
astronomy professor at the University of 
California, Irvine, stated that, “prior to this 
project, no sign of neutrinos has ever been 
seen at a particle collider...$is signi!cant 
breakthrough is a step toward developing 
a deeper understanding of these elusive 
particles and the role they play in the uni-
verse.”) He also noted that this discovery 
con!rmed that the position “forward” of 
the ATLAS interaction point was the op-
timal location for detecting neutrino col-
lisions and that the emulsion detector was 
a very e"ective tool in observing neutrino 
interactions. 

$e CERN LHC is one of the most 
important scienti!c experiments in the 
modern world. From its discovery of the 
Higgs Boson in 2012 to its recent observa-
tion of neutrino interactions, the LHC has 
the potential to drive forwards the !elds 
of experimental and theoretical physics 
towards exciting and unprecedented direc-
tions. David Casper, a scientist at CERN 
and an associate professor at University 
of California, Irvine, expects rapid imple-
mentation of these discoveries: “Given the 
power of our new detector and its prime 

location at CERN, we expect to be able to 
record more than 10,000 neutrino interac-
tions in the next run of the LHC, begin-
ning in 2022. We will detect the highest-
energy neutrinos that have ever been 
produced from a human-made source.”) 
Casper also believes that this discovery is 
merely the beginning of a much deeper 
journey towards understanding the world 
of subatomic particles. CERN scientists 
also have plans to explore other important 
but less-understood physical phenomena 
such as dark matter. Whatever the project 
may be, CERN has demonstrated time af-
ter time that they are up for the challenge, 
utilizing innovative scienti!c thinking and 
unprecedented global collaboration to 
better understand the world and universe 
around us.

 Collider (LHC), one of the most power-
ful particle accelerators to ever be construct-
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$e LHC — consisting of four main particle detec-
tors: ALICE, ATLAS, CMS, and LHCb — works by 
colliding two high-energy particle beams that are 
moving close to the speed of light. When the particles 
collide, the energy forms new particles or subatomic 
particles. $erefore, the LHC can essentially create or 
produce new subatomic particles.2

In one of the greatest physics discoveries of re-
cent memory, researchers at CERN and the LHC an-
nounced in 2012 that experiments had revealed and 
proven the existence of the Higgs Boson (a.k.a. “$e 
God Particle”), the !nal elementary particle theorized 
to exist by physicists Peter Higgs and François Englert 
(and others) in their groundbreaking 1964 papers.* 
Higgs and Englert later won the Nobel Prize in Phys-
ics in 2013 “for the theoretical discovery of a mecha-
nism that contributes to our understanding of the ori-
gin of mass of subatomic particles, and which recently 
was con!rmed through the discovery of the predicted 
fundamental particle, by the ATLAS and CMS experi-
ments at CERN’s Large Hadron Collider.”*

Harvard physicists have long been involved in re-
search at the LHC.- A group of Harvard physics fac-
ulty known as the Energy Frontier Group, a subgroup 
of the Laboratory for Particle Physics and Cosmology 
(LPPC), has been directly involved with the ATLAS 
Experiment at the LHC.. $is group consists of prom-
inent physics faculty such as Professor Melissa Frank-
lin, Professor John Huth, and Professor Masahiro Mo-
rii. ATLAS (A Toroidal LHC Apparatus) is a precise 
detector for the LHC that was designed to capture and 
record the particle collisions of the LHC, which occur 
at over one billion interactions per second./ Measur-
ing in at 46 meters long and 25 meters in diameter, 
ATLAS is the largest detector ever constructed for a 
particle collider. Behind the scenes, the ATLAS team 
consists of over 5500 members and nearly 3000 scien-
ti!c authors — earning it its title as one of the largest 
scienti!c collaborations ever. 

Big news was recently made at the LHC when sci-
entists, for the !rst time in history, detected neutrino 
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Introduction

Vision loss is di&cult to deal with, and 
even more so when its diagnosis and 
treatment still hold so many unanswered 

questions. $is topic is especially relevant for 
Glaucoma, which is the common name for a 
group of eye conditions that damage the optic 
nerve.0 $e optic nerve is vital to human vision, 
as it sends valuable information from one’s eyes 
to their brain; when the nerve is damaged, pe-
ripheral vision diminishes and slowly leads to 
overall blindness in the eye. Despite blindness 
being inevitable for around 10% of those with 
Glaucoma, limited amounts of research have 
been conducted for Glaucoma-impaired vision 
loss.) Considering that over 3 million Americans 
su"er from Glaucoma, this is an area of research 
that needs attention.

However, as Yale Medical School Chair of the 
Department of Ophthalmology, David Friedman 
states, “$ere never has been technology sophisticated enough for 
early diagnosis [of Glaucoma] and careful follow-up.”* Even with 
our complex technology, we have yet to come up with solutions 
to one of society’s biggest health problems. Let’s take a look at the 
current advances combatting vision loss.  

Overview of Gene 
Reprogramming 

Reprogramming, a technique that allows us to strategically 
modify the trajectory of adult somatic cells, has been a phenom-
ena that has led to exciting discoveries in the retina. Yamanaka 
factors, or proteins that give rise to induced pluripotent stem cells 
(iPSCs), have led to a major breakthrough for the reprogramming 
of complex eye cells, and reprogramming cells in general.4,5 

While scienti!c researcher Shinya Yamanaka o&cially led the 
discovery of these reprogramming factors in 2006, the inspiration 
behind the study actually traces back to 1962, when the !rst ex-
ample of cellular reprogramming was achieved.6 $e process of re-
programming genes has been generating fascinating results such 
as assisting with drug development, individualized regenerative 
cell therapy, and producing patient-speci!c stem cells.6

Over the ten or so years of working with reprogrammed genes, 
researchers have uncovered the function of iPSCs at speci!c stages 
of life, as well as why they play such a signi!cant role in cell re-
generation. iPSCs are adult cells that have been modi!ed in the 
lab to become any speci!c type of cell in the body that the re-
searcher needs.7 $ese cells provide insights to the building blocks 
of early embryo development, manipulating molecular factors to 
determine the fetal growth and birth weight of organisms early on 
in life.7 $ey have been a helping hand in modifying blood cells, 

creating cancer-free blood for transfusions to patients battling leu-
kemia.8 iPSCs have also been utilized to battle degenerative cell 
diseases such as Alzheimer’s and Parkinson’s.1 Researchers hope 
to use this newfound iPSC technology to fully understand the 
mechanisms and processes of diseases, and develop drugs through 
regenerative programming for each disease./

“If [regenerating cells is] a&rmed through further studies, 
these !ndings could be transformative for the care of age-related 
vision diseases like glaucoma and to the !elds of biology and med-
ical therapeutics for disease at large,” said Harvard Medical School 
professor David Sinclair.. $us, gene reprogramming proves the 
biggest potential for addressing eye conditions, speci!cally being 
able to regenerate eye cells to treat glaucoma. 

 
Consequences of 
Gene Reprogramming 

However, reprogramming genes comes with its own obstacles 
Although encoded and utilized in many experiments, their rela-
tively recent discovery should remind those that further testing 
needs to be done on their epigenetic integrities in order to pro-
duce stable results. Without supplemental testing, reprogrammed 
genes would raise concerns to the validity of every !nding.

For instance, not every iPSC line is suitable for safely repro-
gramming genetic applications. According to research done on 22 
human iPSC lines in seven laboratories by !ve di"erent methods, 
half of the missense and point mutations that were tested were 
found to have “pre-existed at low levels. . . and the others occurred 
during or a'er reprogramming”.10 $e laboratories also observed 
that many of the missense mutations “are predicted to alter pro-
tein function,” which have the ability to mitigate useful functions 
and have causative e"ects in numerous cancers.10 Had they not 

Reprogramming Optic Nerves: An 
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taken into account di"erent methods and tested 
by others, the laboratories would not have been 
able to validate the 124-point mutations present-
ed in human iPSC lines.10 

Despite the aforementioned obstacles, the 
overall reprogramming of small cells in a safe 
manner, although time consuming, has proved 
to be an e&cient process.11 “$e big challenge 
over the next decade will be to !gure out how to 
make the right cells for disease treatment,” states 
Dr. Justin Ichida.11 $e ability to “!ne-tune” iP-
SCs will allow for a more e&cient and reliable 
resource to use when studying diseases in labo-
ratories and implementing cell regeneration for 
the human body. 

Researcher’s Take
With a plethora of information revolving around reprogram-

ming genes, we must stop and wonder: how should we safely utilize 
this new methodology in order to address eye conditions? In order 
for us to answer this question, we must manipulate the reparative 
processes we have long worked with to draw conclusions from con-
sistent and accurate gene trials.

Researchers at Harvard Medical School have done exactly that, 
and have had a successful attempt in bridging the gap between 
cellular aging and optic nerve regeneration. Not just by “merely 
stem[ing] its progression”, but rather reversing the age of the eyes 
as a whole.5 Previous attempts have recognized the importance of 
all Yamanaka factors and have applied these agents into reversing 
the age of specialized cells. Specialized cells cover the various func-
tions present in the human body, from eye cells, to skin cells, to 
liver cells, and many more.12 Removing too many !lters from these 
specialized cells have led to them losing all of their functions and 
rapidly growing cancerous.13 $e implication of all Yamanaka fac-
tors has led previous attempts to an erasure of epigenetic markers 
on cells, and have resulted in those cells having “unwanted new 
identities.”14 

In order to stay away from tumor growth and the complete loss 
of a cell’s identity, it is vital that researchers consider the actions of 
reprogramming genes on specialized cells once used with one an-
other. Having this information in mind, Harvard Medical School 
lead study author Yuancheng Lu builds upon these past results 
and is able to provide a unique thought process in respect to gene 
therapy: If the combination of four reprogramming genes yields 
defective epigenetic markers on cells, then the removal of one of 
them should reduce the capacity to which such cells are completely 
erased.5 $rough this modi!ed approach, they have been able to 
carefully deliver 3 genes (instead of 4) to mouse retinas and reverse 
the ages of their optic nerves and vision loss.5 Scientists have found 
these results encouraging and are now hopeful that with continued 
clinical trials, that a replication of this study in regenerative medi-
cine will produce positive results in reversing human vision-loss.5 

   
Conclusion

$e recent !ndings from Harvard Medical School provides 
hope for the future of human vision, and will be able to grant posi-
tive results for glaucoma eye conditions and optic nerve injuries in 
general. With more practice, researchers will be able to familiarize 
themselves with the nuances of transcription factors and continue 
their growing relationship with the optic nerves that make up the 

human body; Once they do, the opportunities for vision treatment 
will be limitless.     

An assistant professor of ophthalmology at the Johns Hopkins 
University School of Medicine, $omas Johnson, states, “$e idea 
of restoring vision to someone who has lost it from optic nerve 
disease has been considered science !ction for decades. But in the 
last !ve years, stem cell biology has reached a point where it’s fea-
sible.”15 As Johnson suggests, the future of a society where we can 
treat glaucoma and other eye conditions might be closer than we 
expect. 

Laura Nguyen is a !rst-year in Canaday Hall intending to concen-
trate in Neuroscience. 
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Rehashing Whiplash: Visualizing Pain Using 
A Novel Scanning Approach                  Claire Yuan

Every year, the United States reports six 
million car accidents. As a result of those 
accidents, three million people su"er 
from whiplash, a so' tissue disorder that 
typically results from injury from a sharp 
jerk to the neck (o'en due to motor vehicle 
accidents).1 Despite being a very common 
condition, whiplash has proved notoriously 
di&cult to diagnose and treat, since inju-
ries in so' tissue o'en do not show up in 
commonly used medical scans like X-rays 
and MRI scans.2

In a paper published on last July in PAIN 
by Mikko Aarnio et al, an internation-
al team of researchers led by Harvard 
Medical School Department of Physical 
Medicine and Rehabilitation at Spauld-
ing Rehabilitation Hospital reported the 
discovery of a new scanning approach that 
allowed the visualization of injuries from 
whiplash.2 $is new imaging approach 
will hopefully allow clinicians to more 
accurately see and follow whiplash injuries 
— ultimately resulting in better care for 
whiplash patients.
$e study followed 16 adult patients with 
whiplash injury grade II, who were recruit-
ed at the emergency department. Grade II 
whiplash-associated disorder involves neck 
complaints accompanied by a decreased 
range of motion, tenderness at speci!c 
points, or both.3 For a control group — a 
designated group of subjects who are not 
subject to any treatment against which the 
results of the experiment are compared 
— researchers also imaged eight healthy 
individuals.
As part of the study, the researchers used 
medical technologies such as positron 
emission tomography (PET) and comput-
ed tomography (CT) alongside a special 
tracer called   [11C]D-deprenyl that is used 

to visualize in#ammation in other muscu-
loskeletal injuries. Whereas CT scans are 
morphological scans — that are, alone, not 
enough to visualize whiplash injuries — 
PET scans have the advantage of imaging 
biological processes in the body, which 
can provide more information.3 Active 
cervical range of motion, self-reported 
neck disability, and subjective pain levels 
were recorded for the patients, who were 
scanned once initially and again at a six 
month follow-up.2,3

$e results of this study suggest that in-
#ammation and tissue injuries a'er whip-
lash can, even at the molecular level, be 
seen and quanti!ed with   [11C]D-deprenyl. 
With the help of these imaging techniques, 
these injuries could also be followed for 
longer term treatment and care, with 
follow-ups involving further imaging and 
physician care.2

Clas Linnman, a lead author on the paper 
and assistant professor of physical med-
icine and rehabilitation at the Spaulding 
Neuroimaging Lab at the Harvard Medical 
School, said in a press release, “An objec-
tive visualization and quanti!cation of 
the injury and possible in#ammation in 
whiplash-associated disorders would sup-
port a better diagnosis, strengthen patients’ 
subjective report of pain, and assist clinical 
decisions.”2

Ultimately, the authors hope that their 
work will serve to enhance general knowl-
edge of whiplash disorders, as well as how 
best to treat them on an individual basis.

Claire Yuan is a !rst-year living in Holwor-
thy Hall.
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Introduction

 Imagine that every cell in your 
body is a person and your body is a 
bustling major city. Every person has a 
particular role to play in the context of the 
overall city, and there are people moving in 
all di"erent directions at extremely rapid 
speeds, trying to get to di"erent parts of 

the city in order to perform their job. But                                                              
how do the people in the city communi-
cate with each other? In an actual city, it’s 
not like people walk right past each other 
without saying a word. With the tech-
nology we have today, text messages 
and emails seem to take over our 
days. Communication is an essential 
part of everyday life, and as it turns 
out, the same can be said for cell life. 
But how do the trillions of cells in 
our body talk with each other and co-
ordinate our daily functions in such a 
highly organized fashion? $e answer 
may lie in unassuming little particles 
called extracellular vesicles.
 Extracellular vesicles (EVs) 
are essentially small “bubbles” of 
cellular contents that are naturally 
released from the outside of cells 
and are found all over the human 
body, especially in biological #uids 

like blood, urine, and cerebrospinal #uid.1 
Originally, EVs were thought to simply be 
a method of transport for the removal of 
certain cellular waste contents like pro-
teins, lipids, and RNA, and biologists held 
that these EVs were not of any particular 
clinical signi!cance.2 However, in recent 
years, there has been a shi' in our under-
standing of the role EVs play within cel-
lular pathways. EVs that exit the cell have 
recently been shown to carry molecules 
that are active in executing key biological 
functions within the human body.3

Biology of Extracellular 
Vesicles

 Before discussing the biological 
role that extracellular vesicles play in the 
human body, it is important to !rst gain an 
understanding of how extracellular vesicles 
work. $ere are two main types of extra-
cellular vesicles: exosomes and microve-

sicles. Exosomes are !rst formed within 
cells as a collection of smaller “bubbles” on 
the inside of a “carrier” organelle from its 
membrane. $e large multivesicular bodies 
(MVBs) carrying these smaller bubbles 
are transported to the plasma membrane 
of the cell, and they fuse their membranes 
together. From here, the bubbles, or exo-
somes, are free to be released outside of the 
cell in order to reach their intended targets 
(Figure 1).
 Conversely, the other type of EV, 
microvesicles, are formed by the plasma 
membrane of the cell directly “pinching” 
itself in order to encapsulate some cellular 
contents which are then directly released 
to the exterior of the cell.4 A'er EVs are 
created, they are able to bind to extracellu-
lar receptors on the surface of target cells, 
which ultimately enables them to fuse their 
cell membranes with target cell mem-
branes, forcing the contents of the EVs 
into the target cell.5

Extracellular Vesicles: The 
Text Messages of Cells

Krishi Kishore

Figure 1: Exosomes being released from the MVB (source: Wikimedia Commons).

Extracellular vesicles 
are active in executing 

key biological functions 
within the human body.3
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Role of Ex-
tracellular Vesicles 
in Signaling

 $e role that EVs 
play in signaling between cells depends 
more on the contents that EVs carry when 
moving from one cell to another rather 
than the EVs themselves. $e contents of 
EVs are referred to as cargo. As mentioned 
previously, EV cargo primarily contains 
a mixture of proteins, lipids, and RNA, 
which are used in a wide variety of biolog-
ical processes in the body like cell di"eren-
tiation, cell growth, metabolic regulation 
and repair, and immune response. EVs are 
found in many bodily #uids in various or-
gan systems like blood, urine, and cerebro-
spinal #uid, and this very property is what 
enables them to reach many distant parts 
of the body very readily without the need 
for speci!c methods of transportation or 
localization.6

 EV-based intercellular signaling 
was !rst discovered as a result of studying 
the immune response to antigens that 
were presented to immune cells via EVs.7 
Since then, evidence has suggested that the 
cells on the receiving end of EV RNA have 
been functionally impacted as a result of 

the RNA introduced into the cell from the 
donor cell. Ultimately, EVs are able to send 
signals in the form of cargo that result 
in a change in the functional pathway of 
the receiving cell.8 Although this research 
sounds promising, there has been di&culty 
in studying precisely which components of 
EV cargo have produced a response in the 
recipient cell. Since much of the research 
conducted on EVs has been focused on 
heterogeneous mixes, there is still much 
work to be done on determining the pre-
cise mechanism by which EV cargo signals 
other cells without interruption by other 
biological components.9 
 $ere are many major roles that 
EVs play in the normal maintenance of the 
human body. As indicated by the discovery 
of intercellular signaling, EVs are import-
ant in regulating immune responses within 
the body, either by transferring cellular 
contents that activate an immune response 
or by releasing factors that can minimize 
in#ammation. Neurons and stem cells are 
major cell types that use EVs as a way of 
relaying a signal and increasing plasticity, 
or the ability to adapt to changing con-
ditions within the body. EVs have also 
been identi!ed as playing a role in tissue 
regeneration, speci!cally in bone marrow.5 
But how can studying these characteristics 
of EVs be applied to medicine?

Potential Applications: 
Cancer

 One promising area that extra-
cellular vesicles could help improve is the 
diagnosis and treatment of cancer. Cancer 
is characterized by uncontrolled growth 

of cells that eventually use up much of 
the body’s resources, leading to tissue 
destruction. In order for cancerous cells 
to continue growing without stopping, 
these cells must be able to communicate 
with each other, which is done through 
extracellular vesicles. Evidence suggests 
that certain EV cargo has been correlat-
ed with high rates of cancer, suggesting 

that the presence of particular EVs can be 
used to diagnose cancer.10 By determining 
EV and EV cargo patterns across patients 
with and without cancer, researchers have 
the possibility of developing rapid diag-
nostics that would look for cancer-speci!c 
EVs. 
 $e major advantage of this over 
traditional cancer diagnostics is the ability 
to diagnose cancer from bodily #uids 
like urine and blood. Typically, cancer is 
diagnosed using a biopsy, which requires 
a medical procedure to extract tissue from 
the site of growth. $is process can be 
time-consuming and expensive, not to 
mention invasive and sometimes painful. 
With EV-based diagnostics, physicians 
could extract blood or collect urine 
instead, which would avoid having to per-
form a biopsy procedure. With regards to 
treating cancer, the fact that EVs have been 
used in the body for tissue repair signaling 
for target cells suggests that they can also 
be used for drug delivery. Isolating EVs 
that are capable of binding between can-
cerous cells and engineering them to in-
clude nucleic acid-based or protein-based 
therapies would allow for leveraging an 
existing speci!c binding mechanism to 
deliver anti-cancer treatment.11 

EVs in Harvard Research

 Extracellular vesicle research is 
currently happening right here at Harvard. 
Dr. Leonora Balaj, Assistant Professor of 
Neurosurgery at Harvard Medical School 
and Principal Investigator at Massachusetts 
General Hospital, currently focuses on 
research into the role of EVs as cancer bio-
markers speci!cally for glioma, or cancer 
of the brain and spinal cord.12 Dr. Balaj’s 
lab has been able to successfully isolate 

Ultimately, EVs are able to send 
signals in the form of cargo that 

result in a change in the 
functional pathway of the

 receiving cell.8

 
EVs show immense potential to 
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extracellular vesicles from various bodily 
#uids and characterize their role in cell to 
cell signaling in glioma.13 $is has opened 
up the opportunity to explore liquid biop-
sies in diagnosing and pro!ling tumors of 
the brain via means of #uorescence.14

 Another researcher working on 
extracellular vesicles at Harvard is Dr. 
Marsha A. Moses, Julia Dyckman Andrus 
Professor of Surgery at Harvard Medical 
School and Director of Vascular Biology at 
Boston Children’s Hospital.15 Dr. Moses’s 
work also focuses on the role EVs play 
more broadly in cancer to use them as 
biomarkers as well as for drug delivery.16,17 
In one notable study, her work revealed 
the mechanism by which EVs can breach 
the blood-brain barrier in order to deliver 
nanomedicines, a major challenge for 
current drug delivery systems targeting the 
brain.18 

Future of Extracellular 
Vesicles

 Extracellular vesicles show 
immense potential to revolutionize the 
!elds of medical diagnostics and precision 
medicine. By !nding EV “signatures” in 
cohorts of patients with particular dis-
eases, patterns of EVs can be studied and 
used to diagnose various diseases. Due to 
the omnipresence of EVs in various cell 
types and environments, there is potential 
for many, many diseases to be diagnosed 
strictly by analyzing EV pro!les, which 
improves clinical diagnosis work#ows. 
Additionally, since EVs carry commonly 
studied biological structures like proteins 
and RNA, current methods can be used 
to develop binding domains to disrupt the 
harmful cellular signaling processes medi-
ated by EVs.
 Personalized treatments that 
adapt to each patient’s individual needs 
can also be developed simply by extracting 
biological #uid and sequencing EV cargo. 
Understanding what harmful EVs carry 
between cells impacted by particular dis-
eases, like cancer, is imperative to gener-
ating ways to bind and disrupt the cellular 
signaling pathways that harmful EVs are 
involved in. Re-engineering EVs in their 
current roles within the human body to 
solve medical challenges for humans is a 
promising avenue of exploration. 
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EEpigenetic changes are exceedingly 
important to pretty much all func-
tions of life. But what are they, re-

ally? Unlike genetic changes, which alter 
the actual sequence of DNA, epigenetic 
changes instead a"ect how DNA is ex-
pressed. Every single cell in a human body 
has the same DNA packed into their nu-
clei, yet they form incredibly disparate 
types of cells. $e cells on our scalp are 
able to seamlessly produce hair, while cells 
with the same DNA in our stomach in-
stead make hydrochloric acid. It would be 
a big problem if those two functions were 
to be switched, and yet no one needs to 
deal with that problem because our  epi-
genetic mechanisms ensure that the genes 
involved in producing hydrochloric acid 
are only expressed in the stomach. Our 
bodies are able to contain hundreds of dif-
ferent cell types because of the way genes 
are selectively allowed to be expressed 
within each of those di"erent cells. $at 
di"erential expression forms the basis of 
the study of epigenetics. 

Mechanisms of Epigenetics

$e most important regulators of gene 
expression are DNA methylation, histone 
modi!cation, and ncRNA. DNA meth-
ylation places a methyl group, a group of 
one carbon and three hydrogen atoms, 
onto cytosine bases, which are one of the 
four nitrogenous bases that make up DNA 
(Figure 1). $ese small methyl groups are 
most o'en placed on DNA promoters, 
which are sections of DNA that promote 
gene expression. $is is because the physi-
cal presence of the methyl group prevents 

the binding of the cell machinery neces-
sary to transcribe, or express, the gene 
with which the promoter is associated. 
$is process can be thought of as adding 
a bulky piece of plastic (the methyl group) 
to the bottom of a zipper (the promoter) 
that is too large for the groove within the 
sliding body (the transcription machin-
ery) to !t over. $us because the sliding 
body cannot physically attach to the other 
side of the zipper, it is impossible to actu-
ally zip the zipper, which is analogous to 
transcribing a gene. $ese methyl groups 
can also attract other factors that further 
prevent transcription, meaning that meth-
ylation of genes prevents them from being 
expressed.0

 Another way to prevent genes or entire 

regions of DNA from being expressed is to 
pack the DNA so tightly that the machin-
ery of transcription cannot access it. $is 
is achieved through histone modi!cations. 
Histones are the protein structures that 
DNA is wrapped around in order  to con-
dense enough to !t into the cell’s nucleus 
(Figure 2). DNA has a negative charge 
and histones have a positive charge so the 
DNA is attracted to them and condenses 
more easily. Accordingly, the most com-
mon histone modi!cations simply add 
positive or negative charges. Adding more 
positive charges causes DNA to be more 
attracted to the histones, causing tighter 
packing, and consequently decreasing 
expression of the genes contained in that 
section of DNA. Likewise, adding negative 

Epigenetic InheritanceEpigenetic Inheritance
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charge decreases the attraction and allows 
DNA to be more open, increasing gene ex-
pression.0 

Non-coding RNA (ncRNA), the last 
group of important regulators, is both less 
homogeneous in function and less under-
stood. ncRNA at their most basic level are 
pieces of RNA, the material transcribed 
from DNA, that will never be translated 
into protein but nonetheless can have 
a myriad of functions that a"ect a cell. 
For example, a ncRNA could prevent the 
translation of other RNAs, e"ectively si-
lencing genes by preventing their proteins 
from being made.) 

Epigenetic inheritance is thus the pass-
ing on of these factors—DNA methylation, 
histone modi!cation, and ncRNA e"ects—
to one’s o"spring. $ere are two types of 
epigenetic inheritance: intergenerational 
and transgenerational. Transgenerational 
inheritance follows the same patterns as 
traditional genetic inheritance, where an 
individual passes down information to 
their o"spring, which is then transmitted 
from generation to generation as long as 
the o"spring continue to have their own 
o"spring.* Intergenerational inheritance, 
on the other hand, is more limited. Inter-
generation refers to e"ects that could pos-
sibly be due to a stimulus experienced by 
sperm or eggs while in the parent and are 
not necessarily something that would be 
transmitted to further generations.* Con-
cordantly, intergenerational inheritance 
can maximally span three generations if 
the hypothetical stimulus occurs while the 

!rst generation mother is pregnant with a 
daughter whose embryo’s developing eggs 
could be exposed to a stimulus that would 
then a"ect their own child.* 

The Evidence For Epigenetic In-
heritance in both Non-Mammals 
and Mammals, or Lack Thereof

Any proof of true, transgenerational 
epigenetic inheritance needs to dem-
onstrate that the e"ect spans more than 
three generations. Some of the strongest 
evidence for transgenerational epigenetic 
inheritance comes from the species C. el-
egans (a type of nematode or roundworm) 
and Drosophila, two of the most common 
model species for geneticists. Interestingly, 
in both of these cases the epigenetic chang-
es are only passed through the maternal 
line.. In Drosophila, the common fruit #y, 
arti!cially introduced epigenetic muta-
tions have been documented to persist for 
50 generations, while heritability of natu-
ral epigenetic variations were shown to last 
for at least four generations./ While the 
evidence from these species clearly dem-
onstrates that transgenerational epigenetic 
inheritance exists, the question is still de-
batable for humans and mammals overall. 

In mammalian studies, while there is 
proven intergenerational transmission, 
there is not yet conclusive evidence for 
transgenerational inheritance. Many stud-
ies have shown that factors like obesity, 
diabetes, and trauma can cause an e"ect in 

not only the generation that was exposed but 
also the !rst generation of o"spring.8 For in-
stance, male mice raised with maternal sep-
aration passed on signi!cant behavior dif-
ferences to their o"spring. $ese manifested 
in their o"spring as reduced levels of fear 
and avoidance, as well as metabolic changes 
a"ecting the o"spring’s response to insulin.1 
Some studies have even demonstrated that 
an e"ect was passed on to one generation 
further, breaking the transgenerational bar-
rier for male inheritance, but these studies 
have yet to be replicated and some have even 
been disputed by other researchers.2 

$is lack of reproducibility in mammal 
studies could be due to many variables. 
Firstly, it simply takes longer and is more 
di&cult to conduct generational studies on 
mice than nematodes. Nematodes require 
only a few days to produce new generations 
and the worms require only a cultured petri 
dish to survive, while mice’s needs are much 
more complex and have longer generation-
al times. It could be that the evolutionary 
bene!t of epigenetic inheritance is much 
stronger in species with a shorter generation 
time, and thus epigenetic inheritance might 
not exist to the same degree in larger, longer 
living species like mammals. Looking even 
further down the line, transgenerational in-
heritance in humans is even harder to prove. 
Not only are our lifespans and generation 
times much longer than mice, but it is also 
impossible and highly unethical to conduct 
the types of experimental studies on hu-
mans that are done on mice.

Evidence For Epigenetic
Inheritance in Humans

Consequently, the evidence in humans 
for any type of epigenetic inheritance, inter 
or transgeneration, comes only from obser-
vational studies. Here it is much harder to 
prove conclusively that any change is due to 
epigenetic inheritance and not a shared en-
vironment, behavior in#uence from parents, 
or any number of other factors. $e classic 
example of intergenerational epigenetic in-
heritance is $e Dutch Hunger Winter. For 
a period of around !ve months in the winter 
of 1944-1945, the German occupation of the 
Netherlands rationed food so severely that 
at the worst point each person was only re-
ceiving 500 calories a day. Individuals who 
were in utero at this time experienced many 
adverse health e"ects later in life including 
but not limited to increased risks of obesi-
ty, diabetes, and cardiovascular disease.10,11  
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Source:  M

ika Suzuki , Flickr

$ese e"ects stem from epigenetic changes 
that would be bene!cial in famine situa-
tions by conserving energy or promoting 
the acquisition of energy-rich foods. For 
instance, those who were in gestation dur-
ing the Hunger Winter show increased 
methylation, or silencing, at the PIM3 
gene, which mediates energy metabolism, 
resulting in a lower metabolism for those 
exposed.12 More recent studies also show 
that the o"spring of these individuals who 
were exposed to the famine when in utero 
also had higher weights and BMIs than the 
o"spring of individuals who were not ex-
posed to the famine in utero.11 $ere will 
likely be more studies in the future on this 
cohort to further examine this transmis-
sion, as the second generation only had 
a mean age of 37 at the last time of study. 
$is age is younger than when many of the 
associations in their parents were discov-
ered.11 

Even if further correlations are found in 
this second generation, this would still not 
be a case of transgenerational inheritance, 
as the germ cells that would go on to form 
the second generation were exposed while 
their parents were in utero to the famine. 
Furthermore, observational studies such 
as this one cannot demonstrate causality. It 
is impossible to fully separate the correla-
tions observed from a shared environment 
and culture or even a slight genetic di"er-
ence that arose from the natural selection 
of which fetuses survived this traumatic 
event. Because of the complications out-
lined in this section, most experts have 
yet to conclusively declare that transgen-
erational epigenetic inheritance exists in 
humans. 

Benefits of  Studying 
Epigenetic Inheritance

With all of this evidence for transgen-
erational epigenetic inheritance, the most 
obvious question beyond “Does it exist?” is 
“Why would it exist?”. or What can epigen-
etic inheritance provide evolutionarily that 
traditional genetic inheritance cannot? $e 
clearest answer for this question depends 
on the fact that epimutations—changes in 
the epigenetic pro!le like decreased meth-
ylation or more tightly wound histones—
occur at a faster rate than genetic muta-
tions.13 $is feature allows for adaptations 
to occur much more quickly than they 
could via evolutionary adaptation and is 
particularly useful for adapting to new en-

vironments as it allows for the survival of a 
species until more permanent genetic ad-
aptations can arise.13,14 As a consequence, 
epigenetic inheritance would be most use-
ful for species that have shorter generation 
times and live in a relatively stable environ-
ment because epigenetic inheritance has 
the potential to harm longer lived species.13 
For instance, if a parent passed down epi-
mutations that helped their o"spring in a 
hot environment, by the time the o"spring 
were adults, epigenetic inheritance could 
actually have a negative e"ect if the envi-
ronment shi'ed to be colder. $is aspect of 
epigenetic inheritance can then to some de-
gree explain why there is copious evidence 
of it in small organisms with short lifespans 
like C. elegans and Drosophila. It remains 
harder to !nd de!nitive proof in longer liv-
ing species where the environment does 
#uctuate more during their lifetime. 

Conclusion

So why should we care if humans ex-
perience epigenetic inheritance? $ere are 
probably a million and one answers to this 
question, but perhaps the most pressing 
for our day and age revolves around the 
idea of intergenerational trauma. $is is 
the phenomenon of trauma experiences by 
one generation being passed down to fu-
ture generations in a way that a"ects their 
physical and mental health.14 It is usually 
thought of in more psychological terms, 
but epigenetic inheritance, even intergen-
erational, both broadens how that trauma 
is transmitted and what counts as trauma. 
For instance, an observational study of hu-
man data throughout the entire 20th cen-
tury in Sweden found that food supply dur-
ing the childhood of parents was associated 
with mortality due to diabetes in their de-
scendants. Similarly, recent studies show 
food insecurity raises risks for diabetes.15,16 
If these two points are taken together, then 
it is likely poverty is not only raising health 
risks for those currently a"ected, but for 
their future descendants as well, perpetu-
ating trauma down generational lines. $e 
question of epigenetic inheritance is then 
not simply relevant to the academics who 
study it but to the population as a whole. 

Maddy Kidd is a sophmore in Kirkland 
House studying Human Developmental 
and Regenerative Biology.
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Penicillin, tetracyclines, and amoxicil-
lin: from getting rid of a sore throat 
to curing lyme disease, antibiotics 

help us !ght against bacteria and save over 
200,000 American lives annually.(,3 However, 
although antibiotics are quite good at !ght-
ing bacteria, there are instances in which the 
bacteria becomes resistant to the antibiotics, 
which can then lead to prolonged illnesses. 
Based on the data from CDC, at least 2.8 mil-
lion people get antibiotic-resistant infections 
and more than 35,000 people lose their lives 
each year.4 $erefore, antibiotic resistance is 
a serious health matter and needs to be stud-
ied.  

To examine the reasons behind antibi-
otic resistance, we !rst need to have some 
information about bacteria and the mecha-
nism through which antibiotics target bacte-
ria. Most bacteria can be classi!ed as either 
Gram-positive or Gram-negative. $is clas-
si!cation is largely based on the structure of 
the bacterial membrane, a layer that sepa-
rates the interior of a bacterial cell from the 
outside environment. Both of these types of 
bacteria contain a cell membrane made of 
phospholipids and a cell wall composed of 
peptidoglycan; however, Gram-positive bac-
teria do not have an outer membrane com-
posed of lipopolysaccharide (LPS), which 
are large molecules consisting of lipids and 
carbohydrates. $e addition of this outer 
membrane in Gram-negative bacteria make 
it more di&cult for antibiotics to permeate 

the membrane, conferring Gram-negative 
bacteria greater antibiotic resistance.5

Members of the Kahne Lab, led by Dr. 
Daniel Kahne, a Higgins Professor of Chem-
istry and Chemical Biology at Harvard, have 
been trying to !gure out the creation of this 
Gram-negative bacteria’s outer membrane by 
focusing on cell wall formation, LPS trans-
port, and outer membrane assembly.6 If sci-
entists can identify the mechanism through 
which the LPS is incorporated into the outer 
membrane, they can develop di"erent meth-
ods that can inhibit this incorporation, there-
by making it possible for antibiotics to have 
an e"ect on Gram-negative bacteria and kill 
them. 

One exciting development so far has been 
the discovery of a 7-barrel protein called 
lptD that helps incorporate LPS into the 
cell membrane. Understanding the mecha-
nism behind how lptD gets folded inside 
the cell may help scientists develop antibiot-
ics that target Gram-negative bacteria more 
e"ectively, and in fact, the Kahne Lab has 
also recently identi!ed a protein called the 
Bam Complex, which plays a role in folding 
7-barrel proteins, including lptD.6

However, while the identi!cation of this 
complex helped scientists understand the 
synthesis of the outer membrane better, 
the exact mechanism by which Bam folds 
7-barrel proteins remains unknown. Under-
standing this mechanism is now one of the 
main focuses of the Kahne lab. By identify-

ing the exact mechanism, the Kahne lab hopes 
to develop ways of inhibiting this complex in 
order to disrupt its function; this will result in 
antibiotics better able to target, access, and dis-
able Gram-negative bacteria. Given that this 
class of bacteria is resistant to almost all clini-
cal antibiotics, investigating the ways in which 
we can kill Gram-negative bacteria will be vital 
for improving human health and saving thou-
sands of lives in the future.

Tabasom Monfared is a sophomore studying 
Mollecular and Cellular Biology. 
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Why Introns? A Series of Crucially Unexpressed Why Introns? A Series of Crucially Unexpressed 
SequencesSequences
by Christopher Li

$e Anomaly of Introns 
DNA replication and transcription are vital for protein expres-
sion and its resulting cellular and molecular functioning. A 
distinctly eukaryotic feature present in both of these pro-
cesses are introns, which are segments of non-coding genetic 
information within genes. $is is di"erent from exons, which 
are the segments of coding DNA. Yet although they play no 
role in the actual amino acid sequence of the protein product, 
intron sequences are still copied in replication and transcribed 
into pre-mRNA (and they are only spliced out prior to protein 
translation, see Figure 1). 
     At face value, this raises a confusing question. As one 
can imagine, replicating and transcribing introns comes at a 
signi!cant cost to the cell. So, if introns are not important to 
the actual protein coding sequence, then why do cells expend 
the e"ort for keeping introns in the original DNA? Not only do 
replication and transcription require energy, but RNA splicing 
in and of itself requires the production of RNA spliceosome, a 
protein unit responsible for splicing out introns that also takes 
energy and space to form.1 Since prokaryotes (single-celled 
organisms without a nucleus) and early eukaryotes (organisms 
with a cell nucleus) have been seen to have no introns or a 
substantially smaller intron density compared to humans and 
primates, from a Darwinian perspective, introns must provide 
a selective advantage that outweighs its cost to the organism.1 
$is then begs the question: what is this selective advantage?

Alternative Splicing 
An initial explanation for this di"erence between prokaryotes 

and eukaryotes is alternative splicing.1 Alternative splicing 
describes a process in which a single gene can encode for 
multiple proteins.2 $rough splicing, di"erent intron and exon 
elements are spliced for di"erent proteins from the same gene 
(Figure 2). Eukaryotes, with more ornate biological systems, 
require more proteins to deliver more function than their 
prokaryotic counterparts. Alternative splicing results in this 
complexity and #exibility for the eukaryotic genome. In the 
human genome, for example, there are approximately 20,000 to 
25,000 protein-encoding genes but over 90,000 proteins.3, 4 In-
trons are needed for this process, as alternative splicing allows 
for greater e&ciency; a larger amount of proteins are produced 
from a similar genome size in eukaryotes. 
     We can also view genes as not solely composed of a set 
number of introns and exons. Rather, the gene itself is dynam-
ic, with certain exons for one protein spliced out of transcrip-
tion for another. Speci!cally, an exon included in transcription 
for one protein may actually be part of the “intron” sequence 
spliced out for another protein’s transcription. $is concept, 
!rst observed by Chow et al. and Berget et al. in 1977, has pro-
vided the basis for further discovery in alternative splicing.5, 6 

Figure 1: $e process by which introns are removed from DNA/mRNA to 
create a coding gene that only contains exons (Credit: Kep 17, Wikimedia 
Commons)

Figure 2 : An example of alternative splicing. $e top three sequences can be 
combined in di"erent ways to form the two sequences on the bottom (Credit: 
Srosenbe, Wikimedia Commons) 
Recent developments have also shown the importance of alter-
native splicing in how genes adapt to stimuli. As mentioned, al-
ternative splicing is a useful result of the complexity of eukary-
otic systems. In October 2021, Ustaoglu et al. characterized the 
expression of genes in the ELAV/Hu gene family, a group with 
consequential function in learning and memory.7 $is study 
demonstrated that at various points in learning and memory 
formation in honeybees, expression of genes (and their result-
ing products, such as proteins) change as a direct consequence 
of alternative splicing. A'er learning, honeybees were found to 
have several changes in ELAVL2 expression, a gene implicated 
in memory formation, through alternative splicing. First, bees 
had unique patterns of exon 3a and 4c splicing, due to social 
and environmental stimuli they were presented with. Secondly, 
these rapid changes in expression occurred in the timeline of 
early memory consolidation, indicating that the physiological 
process of early memory consolidation relies on changes in 
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gene expression due to splicing, and learning causes changes in 
gene expression and product. 
     Importantly, this paper demonstrates that some form of 
the system of alternative splicing in ELAV/Hu is ancient and 
has been evolutionarily maintained between vertebrates and 
insects. As this and prior research seems to suggest, alternative 
splicing provides eukaryotes with a useful tool in #uid ex-
pression of genes to selectively program for function at select 
timepoints.7

Gene Expression
An equally important consideration may lie in the fact that in-
trons, while not implicated in the protein coding sequence, are 
necessary for gene expression, even before splicing.1, 8, 9 Gene 
expression describes the process by which genes are transcribed 
and translated to produce proteins. An early study in 1988 by 
Buchman and Berg demonstrated that certain genes with in-
trons are expressed up to 400-fold more than intronless genes.9 
Without introns, genes are not transcribed as strongly, stably, 
or quickly, which is important for the formation of an mRNA 
to translate into a viable protein. Introns provide a supportive 
framework to stimulate gene expression and ultimately form 
into proteins.
     One way they perform this function is in supporting 
transcription and aiding in mRNA stability.10-13 Interactions be-
tween introns, their splice sites, and spliceosomes recruit RNA 
polymerase to increase the rate of transcription.10, 13 Secondly, 
spliceosome subunits bind to pre-mRNA to stabilize mRNA 
through preventing premature cleavage and polyadenylation.12 
Preventing these destabilizing stages results in more e"ective 
mRNA translation into protein. $ese functions are two ways 
in which introns can further gene expression through support-
ing the processes of transcription and translation. 
     Beyond mediating gene expression and regulating genes 
through alternative splicing, introns also play a role in pro-
moting transcription. Recently, Parenteau et al. discuss introns 
and their role in regulating cell growth during environments of 
starvation.14 Interestingly, introns in yeast cells play a dichoto-
mous role when it comes to gene expression and its bene!t to 
the organism: when yeast is growing in nutrient-rich environ-
ments, the presence of these introns actually slows growth. Its 
advantage, however, comes in environments of low or compet-
itive resource availability, an environment far more common 
in nature. In these cases, the intron plays a crucial role in 
suppressing genes downstream of nutrient-sensing pathways, 
which aids cellular survival in low-nutrient environments by 
reducing consumption. $is function is also not independent 
of splicing. Accumulation of introns, as shown in this exam-
ple, reduces the e&ciency of the spliceosome and encourages 
repression of these pathways.14 Introns, in stabilizing or selec-
tively expressing or repressing mRNA transcription, can help 
control a cell’s response to the external environment, despite 
not being part of the protein functioning architecture of the 
cell itself. 
Future Steps
$ese two recent studies by Ustaoglu and Parenteau provide 
examples of the importance of introns in eukaryotic cellular 
functioning, suggesting that they aid in gene expression and 
#uidity of cellular and molecular mechanisms in response to 

stimuli from the external environment. 
     However, there is still much that remains unknown about 
introns and their speci!c mechanisms. For example, while we 
know that interactions between pre-mRNA and spliceosomes 
or between introns and spliceosomes can stabilize mRNA, 
the exact reasons for this stability are still poorly understood. 
Nonetheless, existing knowledge provides promising targets 
for future research, both in developing therapies as well as 
understanding disease. With the estimation that one-third of 
disease-causing mutations alter pre-mRNA splicing, improved 
knowledge regarding introns and their role in genetics has the 
potential to improve treatment for a variety of diseases with 
genetic and epigenetic causes.15

     Most excitingly, these studies seem to be scratching the 
surface of functions of non-coding DNA. Approximately only 
1.1% of the human genome is made up of exons, while 24% 
is made of introns, and a staggering 75% is made of intergen-
ic DNA sequences. Intergenic DNA sequences di"er from 
introns in that introns are intragenic (within gene sequence 
and spliced), while intergenic DNA is between genes.16 $e 
exact function of this intergenic DNA is unclear. For much of 
modern science, we have considered introns the “junk” of the 
genome, only recently discovering its importance in various 
genetic processes. Intergenic DNA and its sizable composi-
tion of the genome may be the next frontier to be broached in 
genomic study. 
     Introns are only a small, still confusing part of the overall 
puzzle. $eir vital role in genetic functioning, including alter-
native splicing and mediating gene expression, explains the 
selective advantage they provide to eukaryotes—an advantage 
unignorable in the complexity and functionality of any eukary-
otic organism. 

Christopher Li is a !rst-year living in the Prescotts who plans 
to concentrate in History of Science or Human, Developmen-
tal, and Regenerative Biology. 
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