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ABSTRACT 

 

The discovery that nicotinamide adenine dinucleotide (NAD+) declines with age launched 

scrutiny into the web of metabolic pathways that produce and consume the essential cofactor. 

Recently, the scrutiny befalls SARM1—a novel NAD+-consuming enzyme with implications in 

neuronal cell death. While researchers examine the potential boon to NAD+ and neural health 

offered by SARM1 knockdown therapeutics, I seek to understand how SARM1 deletion affects 

the organism as a whole: what uncharacterized phenotypes associate with SARM1 deletion, and 

how do they relate to altered NAD+ metabolism? 

 

I begin my research into the SARM1 homologue TIR-1 found in C. elegans, where I examine 

longevity, brood-sizes, and NAD+ metabolism to characterize the health (and illness) of TIR-1 

mutants. My data suggests that the evolutionarily conserved NAD+-consumer maintains health, 

promoting a longer lifespan and increased reproductive vitality without significantly depleting 

NAD+. I explore metabolomics data to understand a potential role for TIR-1 not in NAD+ 

consumption, but in mediating the uptake of NAD+ precursors. My research contributes to the 

ongoing investigation of how to protect against NAD+ imbalance and offers insight on how C. 

elegans TIR-1 mutants model therapeutics which target SARM1.   
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Chapter 1  
 

Introduction 

Age-Related NAD+ Decline 

The modern lifespan exists as one of humanity's most astonishing feats. Over the last century (a 

timeframe that only modern humans could expect to experience) the average lifespan of a 

newborn doubled1. Life expectancy did not just rise for children—so did the expected lifespan 

for all age groups2. Public health advancements in hygiene, vaccines, antibiotics, diagnostic 

testing, and medical interventions confront aging populations with two central questions: what is 

the limit of the human lifespan, and as old age becomes older, how do populations retain their 

health, not just their years? 

 

The essential cofactor nicotinamide adenine dinucleotide (NAD+) sits at the crux of both 

questions. NAD+ mediates over 500 reactions in the human metabolism3.  If electrons are the 

currency of a chemical reaction, NAD+ functions as a middleman, interconverting between 

NAD+ and NADH to carry electrons from seller to buyer. As the key regulator of cellular 

bioenergetics, NAD+ impacts nearly all biological processes: deficiencies result in neurological, 

cardiovascular, metabolic, and degenerative disease, and scientists recognize NAD+ decline as a 

hallmark of aging4. Understanding why NAD+ declines with age and how restoring balance may 

protect against age-related disease presents an attractive avenue for research. 
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Figure 1: Hallmarks of Aging and NAD+ Decline 

Figure from Aman et al. 20185 

 

Isotope tracing experiments indicate that an age-related increase in NAD+-consumer activity 

drives NAD+ decline6. The literature centers on three traditional classes of NAD-consumers: 

sirtuins, poly ADP-ribosyl polymerases (PARPs), and cyclic ADP-ribose synthases 

(CD38/CD157). While sirtuin activity seems to promote longevity7, sirtuins compete6 against the 
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anti-longevity PARPs8 and CD389 for a limited pool of NAD+. Worse, sirtuin levels decline with 

age10 while the activity of PARPs and CD38 increase, driven by their respective roles in 

repairing DNA damage and mediating inflammation6. The repair-driven activity of NAD+ 

consumers support the finding that consumers upregulate over the aging trajectory.   

 

The toll of a fourth NAD+-consumer—SARM1—remains relatively unexplored. Under 

conditions of axonal stress, SARM1 activates to deplete local NAD+ stores and kill the neuron11. 

Researchers study SARM1 as a promising target for neuroprotective therapeutics, finding that 

SARM1 deletion protects against traumatic brain injury12, increases Schwann-cell resistance to 

chemotherapy13, alleviates degeneration in diabetic peripheral neuropathy14, and reduces amyloid 

beta plaques in mouse models of Alzheimer’s disease15. 

  

However, perhaps because the NAD+-consuming activity of SARM1 was identified as recently 

as 201716, research on SARM1’s impact beyond the axon remains negligible. Despite extensive 

research into PARPs, CD38, and sirtuins, no research exists on SARM1’s impact on global 

metabolism. Little exists on SARM1’s toll on overall health. In my thesis, I aim to uncover the 

global effects of TIR-1, the Caenorhabditis elegans homologue of SARM1. By examining the 

consumer’s toll on longevity, reproductive health, and NAD+ metabolism, my research serves the 

world’s aging population by informing therapeutics while bridging the connections between 

stress, metabolism, and health. 
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A Not-So-Novel NAD+ Consumer 

Although researchers only recently discovered SARM1’s ability to cleave NAD+ and kill 

neurons, SARM1 is evolutionarily ancient, conserved across all domains of life. Functional 

SARM exists in mice, flies, nematodes, even the “living fossil” horseshoe crab17,18; SARM’s 

“TIR” domain which mediates NAD+-cleavage extends to archaea, bacteria and plants19. 

Understanding that SARM1 and its TIR domain exist as irreplaceable facets of evolution 

contextualizes the need for further study, especially as current research promotes the health 

benefits of SARM1 inhibition. 

TIR Domains 

TIR domains, like the one in SARM1, connect cytosolic “adaptor proteins'' with proteins that 

pass through the cell membrane and detect extracellular pathogens20. Transmembrane proteins 

peer through a cell’s membrane to keep tabs on the environment, like the periscope on a 

submarine. When the periscope spots danger, an alarm alerts the captain to mediate a response. 

TIR domains function like the alarm, activating under stress and danger to call the intracellular 

adaptor protein to action.  

 

Five TIR-containing adaptor proteins direct the signaling cascades that lead to the innate immune 

system response in human cells. Four propagate signaling cascades while the fifth, SARM1, 

inhibits signaling cascades21. SARM1 is the only adaptor protein whose TIR domain has been 
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shown to cleave NAD+22. SARM1 is also the only TIR-containing adaptor protein with a clear 

orthologue in C. elegans21.  

 

Despite SARM1’s down regulating activity in the immune system, the C. elegans orthologue 

TIR-1 upregulates the innate immune system by propagating a p38 MAPK signaling pathway23. 

In compensation, C. elegans lack CD3824, an NAD+-consuming enzyme which confers pathogen 

resistance in animal models25. An area of further research could explore if SARM1 evolved to 

develop anti-immune activity only after pairing with pro-immune CD38. Research that 

demonstrates how both TIR-1/SARM1 and CD38 both regulate Ca2+ signaling through the same 

products of NAD-cleavage26 supports the possibility that TIR-1 may function dually as both 

SARM1 and CD38 in the nematode.   

Choosing C. elegans 

Studying TIR-1 in C. elegans rather than SARM in humans or other mammals offers advantages. 

Few eukaryotes have a longer tradition in aging and nervous system research than C. elegans27,28. 

The worms are transparent, meaning that researchers can visualize individual neurons, their 

connections, synapse formation, and neural degeneration real-time in the living organism28. C. 

elegans also reproduce rapidly, develop invariantly (making it easy to spot phenotypic 

differences), live less than a month (making longevity assays time-efficient), and best of all for 

the beginner researcher, they are simple to store and handle27.  
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Figure 2: The Invariant C. elegans Life Cycle 

Figure from Kimble et al. 202229 

NAD+ Pathways in Humans Versus the Worm 

Importantly, nearly 40% of genes involved in human disease are phylogenetically identical to the 

worm27—genes which affect health in C. elegans likely affect health in humans, too. Humans 

and worms share three conserved pathways that regulate NAD+ biosynthesis: the de novo, Pries-

Handler and salvage pathways30.  

 

The de novo pathway describes NAD+ production from exogenous resources. Both worms and 

humans must consume the essential amino acid tryptophan in their diet because neither produces 

the molecule endogenously. In the de novo pathway, several enzyme-supported reactions convert 
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tryptophan into quinolinic acid. While humans and worms share homologues for the five 

enzymes that turn tryptophan into quinolinic acid, they do not share a homologue for the enzyme 

that converts quinolinic acid into NaMN, a molecule that feeds into the Pries-Handler pathway. 

Instead, worm metabolism relies on an evolutionarily unrelated enzyme that catalyzes the same 

reaction.  

 

 

Figure 3: The Kynurenine/De Novo Pathway 

The “kynurenine pathway” and “de novo pathway” are synonyms. Human enzymes are listed in green while C. elegans 

homologues are written in orange. Figure from Lee et al. 202030. 
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Exogenous and endogenous metabolites fuel the Pries-Handler pathway. Endogenous quinolinic 

acid converts into NaMN and so does nicotinic acid, which like tryptophan, can be found in the 

diet. In two conserved steps, NaMN converts into NAD+. Finally, NAD+ consumers (like CD38, 

sirtuins, PARPs, and SARM1) cleave NAD+ to form NAM, which recycles through the salvage 

pathway.  

 

In the salvage pathway, humans convert NAM into NMN, a direct precursor to NAD+. Aside 

from NAD+ consumers, NAM comes from nicotinamide riboside, the third and final NAD+ 

precursor found exogenously in the diet. Worms lack the necessary enzyme to convert NAM 

directly into NMN. Instead, they convert NAM into nicotinic acid which re-fuels the Pries-

Handler pathway. (All information from this section comes from Lee et al, 202030.) 

 

Figure 4: NAD+ Metabolism 

Figure modified from Lee et al. 202030 
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SARM1/TIR-1 NAD+ Consumption 

Although SARM1 in humans and TIR-1 in C. elegans exhibit opposite effects on the immune 

system, they function identically in several key ways: they both localize to the axon where they 

enact stress-mediated NAD+ depletion and axon destruction. While I study the toll of TIR-1 on 

unstressed animals, future research could examine how stress modulates TIR-1’s impact, 

particularly to see if this normally destructive gene plays a protective role during stress—a 

hypothesis that would explain why SARM1/TIR-1 is so evolutionarily conserved.  

A Brief SARM1 History 

In 1850, Dr. Augustus Waller observed that when he sliced or crushed a neuron, the distal branch 

of the neuron fragmented and then disintegrated within two days31. For over a century, doctors 

assumed that this process of “Wallerian degeneration” occurred passively, through simple 

necrosis. In 1989, a mutant strain of mouse whose neurons remained intact for over two weeks 

post-axotomy challenged the prevailing belief31.  

 

Usually NMNAT1—the enzyme responsible for converting NMN to NAD+—localizes to the 

nucleus while NMNAT2 acts in the cytosol31. In mutant mouse strain, NMNAT1 erroneously 

localized to the cytosol. Following nerve injury, cytosolic NAD+ levels typically plummet, but in 

the mutants, NMNAT1 supported NMNAT2 by maintaining the cytosolic pool of NAD+31. 
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By 2012, researchers identified SARM in a forward genetic screen for other mutations that 

protect against Wallerian degeneration32. Like strains with mislocalized NMNAT1, SARM 

knockouts maintain cytosolic NAD+ levels post-axotomy. When scientists observed that 

axotomy disrupts NMNAT2 transport to the distal portion of the axon the finding clarified a tug-

of-war model for the survival of the distal axon: while NMNAT2 offers salvation by replenishing 

cytosolic NAD+ levels, SARM1 works to execute the neuron by depleting NAD+. 

 

Axotomy disconnects NMNAT2 from the distal axon, but stressors more tolerable than axotomy 

still push the tug-of-war balance towards SARM1’s favor. In intact neurons, oxidative stress will 

causes JNK to phosphorylate and upregulate SARM1’s activity to overpower NMNAT233. Under 

conditions of ischemia and glucose-deprivation, JNK association likely also plays a role in 

helping SARM1 prevail against its competitor34.  

 

Interestingly, during Wallerian degeneration, SARM1 promotes degeneration in the distal axon 

while inhibiting regeneration in the proximal axon through two separate pathways35. Perhaps 

SARM1 overreacts, executing neurons and preventing regeneration during stress that a neuron 

could recover from. But being so evolutionarily conserved, perhaps SARM1 carries out a 

necessary role, sacrificing defective neurons for the benefit of the organism.  
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Mechanism of SARM1 activation 

SARM1 senses its competitors' weakness by measuring the ratio between NMNAT’s substrate 

and product. If NMNAT fails to convert NMN to NAD+, the NMN/NAD+ ratio rises, triggering 

SARM136. The protein springs into action, cleaving NAD+ and further driving the NMN/NAD+ 

ratio to initiate a catastrophic feedback loop36. An understudied second positive feedback loop 

may exist through a SARM1-induced MAPK cascade that activates JNKs37. As NAD+ levels in 

the neuron plummet, so do levels of ATP37. Shortly thereafter, calpains—calcium-activated 

proteases—break down the axon37. While the execution pathway requires further study, calpains 

may activate when ATP-dependent calcium pumps run out of fuel37, because cADPR, a product 

of NAD+ cleavage, opens calcium channels38, or because of both. 

 

Six SARM1 domains entwine together to prepare for moment NMNAT fails: a mitochondrial 

localization domain, two ARM domains which regulate autoinhibition, two SAM domains which 

regulate oligomerization, and a TIR domain which cleaves NAD+ into NAM and ADPR or 

cADPR39. Cryo-EM studies reveal that SARM1 oligomerizes into an eight-membered ring39, 

wielding eight TIR domains like the teeth of a bear trap. SARM1 only cleaves NAD+ when the 

TIR teeth snap shut to gain enzymatic activity39.    

 

In the inactive state, NAD+ binds to the ARM autoinhibitory domains, pulling the TIR domains 

to the edge of the octameric ring39. NMN fits in the ARM binding pocket with a higher affinity 

than NAD+36, but typically, NAD+ outcompetes NMN because it exists at a higher concentration 

in the neuron36. If the NMN/NAD+ ratio rises (either by NAD+ depletion, NMN supplementation, 
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or both) NMN saturates the ARM binding sites36, snapping the bear trap shut. All eight of the 

TIR domains collapse to the center of the ring where they form homodimers and begin to 

catastrophically deplete local levels of NAD+36. 

 

Figure 5: The SARM1 Bear Trap 

Figure modified from Khazma et al. 2023
40

 

 

No studies examine how age-related NAD+ decline impacts SARM1 activity. Of course, the 

more NAD+ declines, the more precipitous SARM1’s trigger becomes. Still, NAD+ levels in the 

brain decline by about 10-25% with age41 while a neuron’s NMN/NAD+ ratio must increase 

nearly ten-fold to trigger SARM1 activation36. Age-related stressors other than NAD+ decline 

may also work to push the SARM1 trigger. 

TIR-1 Stress Mediation 

TIR-1 shares 60% homology with over 85% of the SARM1 sequence35. The two are highly 

conserved, and indeed, share many functions. Unlike SARM1, TIR-1 activation upregulates 
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innate immune response genes in the intestine23. Like SARM1, TIR-1 activates under stress. 

Infection23, cholesterol deficiency23, oxidative stress42, and anoxia43, all trigger TIR-1 

multimerization, NAD+ cleavage, and immune cascade pathways. By coupling genes that 

respond to stressors and genes that respond to infection under the same signaling cascades, TIR-

1 allows C. elegans to preemptively ward off infection when the worm is most vulnerable.  

 

 

Figure 6: TIR-1 and SARM1 Sequence Similarity 

The bold numbers indicate percent of identical amino acids while the non-bolded numbers indicate homology. Figure 

modified from Liberati et al. 200444 

 

TIR-1 also regulates neuronal death but does so less efficiently than SARM1. A single slice 

through a C. elegans neuron fails to induce Wallerian degeneration45. Instead, the neuron must 

suffer double axotomy for TIR-1 to promote the degeneration of the middle fragment while 

inhibiting regeneration in the rest of the axon35. Even then the effects are modest; in TIR-1 

mutant worms, double axotomy results in only 18% less degeneration35. In vitro studies suggest 

that TIR-1 fails to assemble as stably as SARM1, usually forming a nonamer rather than an 

octamer45. The oligomerization renders the protein constitutively active yet weak—NMN and 

NAD+ fail to regulate its enzymatic activity, and TIR-1 works inefficiently with a Km roughly 

ten-fold greater than SARM1’s45. 
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Conclusion 

Across species, NAD+ regulates nearly all biological processes; it is fundamental to life. 

Understanding how lifeforms process NAD+, and especially how the process fails with age, 

sheds light on life’s fragility, its constant reliance on a machine of metabolic pathways depleting 

and replenishing to fuel existence.   

 

Current research claims that targeting the novel NAD+-consumer SARM1/TIR-1 poses only the 

beneficial effect of neuroprotection, with no disruption to the fragile metabolic web. My research 

refutes this claim. By studying TIR-1 mutant C. elegans, I examine the toll of TIR-1 on 

longevity, reproductive health, and the metabolome, to create a more holistic picture of NAD-

consumption. This work informs aging populations of the interconnectedness between stress, 

health, metabolic decline, and longevity, working to understand how better aging requires more 

than cure-all therapeutics. 
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Chapter 2  
 

Materials and Methods 

C. elegans Strains and Maintenance   

All C. elegans strains grew on NGM agar spotted with 250μL of E. coli OP50. An incubator kept 

the worms at 20° Celsius. If a generation of worms starved, three generations of their progeny 

were maintained before resuming experimentation. Six strains of worms were studied, all 

obtained from the Caenorhabditis Genetics Center: N2 (wildtype), IG685 (tm3036), RB1085 

(ok1052), RB2145 (ok2859), VC526 (gk264), and ZD101 (qd4).     

Brood Size Assays and Lifespan Assays 

To sync the worms, several adults were allowed to lay eggs for one hour, after which the adults 

were removed from the plate. When the progeny reached L4, they were placed on new plates, 

each animal receiving its own plate. When the L4 worm developed into an egg-laying adult, the 

animal was transferred to a fresh plate daily. After each transfer, the brood-size on the old plate 

was counted. Once the parent worm stopped laying eggs, it was no longer transferred to new 

plates. Instead, it was assessed for survival each day. Survival was assessed by prodding the 

animal with a platinum wire; movement confirmed life, no movement confirmed death. Worms 

that went missing or internally hatched were censored.  
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Multigenerational Live-Food Metabolomics   

20-25 plates of worms were cultivated for each strain. The worms were collected from plates 

when they had eaten nearly all of the food on the plate but had not yet starved. The worms were 

then extracted in 40:40:20 Acetonitrile:Methanol:H20 + 0.5% Formic Acid + 17.8 w/v 

Ammonium Bicarbonate to neutralize the formic acid. The lab owns and operates its own LC-

MS system with the support of the Huck Metabolomics Core Facility. The LC–MS method is 

based on hydrophilic interaction chromatography (HILIC) coupled to an Orbitrap Exploris 240 

mass spectrometer. Raw LC-MS data were converted to mzXML format using the command line 

“msconvert” utility, and the data was analyzed via the EL-MAVEN software version 12. Protein 

concentrations were determined via BCA and used to normalize the total ion counts.  

Data Analysis 

All graphs other than the correlation plots were created with GraphPad Prism. The statistical 

significance symbols indicate the following:  

- ns – P >0.05 

- *  - P ≤0.05 

- ** - P ≤0.01 

- *** - P ≤0.001 

- **** - P ≤0.0001 
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Chapter 3  
 

Results 

The Effect of TIR-1 on Longevity 

Wu et al previously concluded that the lifespans of three TIR-1 mutant strains—IG685, RB1085, 

and ZD101—are identical to the wild-type control strain, N246. To verify her data and to 

determine if TIR-1 impacts longevity, I conducted lifespan assays on the three strains Wu 

studied and two other TIR-1 mutant strains—RB2145 and VC526— available from the 

Caenorhabditis Genetics Center.  

 

For four strains, N2, IG685, VC526, and ZD101, I conducted three biological replicates, tracking 

the lifespan of 70 animals from each strain in total. For the remaining two strains, RB1085 and 

RB2145, I only had the time to conduct a single biological replicate, studying thirty animals 

from each strain. If animals crawled off a plate or internally hatched (the term for when eggs 

hatch within the parent’s body), I excluded their data.  

 

Figure 7 depicts Kaplan-Meir survival curves of the mutant TIR-1 strains, demonstrating that 

TIR-1 mutations impact the probability of survival in all strains except for IG685. Strains 

VC526, ZD101, and RB2145 have a lower probability of survival at any given time point 

compared to N2, while the strain RB1085 has a greater probability of survival. Though a Mantel-

Cox test confirms a statistically significant difference in the mutant survival curves compared to 

the wild-type strain, my data may not conflict with Wu’s.  
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Kaplan-Meir Survival Curves 

A 

 

B 

 

Figure 7: Kaplan-Meir Survival Curves of TIR-1 Mutants Compared to N2 

(A) Survival curve displaying pooled values from three independent experiments, no significance in IG685 

(n=43), p<0.01 for VC526 (n=55) and ZD101 (n=27), Log Rank (Mantel-Cox) test 

(B)  Survival curve displaying pooled values from three independent experiments for N2 (n=62), and values 

from a single experiment in RB1085 (n=20) and RB2145 (n=17), p<0.01 for RB2145, p<0.001 for RB1085, 

Log Rank (Mantel-Cox) test 
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Kaplan-Meir curves indicate the probability of surviving a short time-interval, not necessarily the 

probability of surviving into old age. In other words, two strains may share an average lifespan 

while dying at different frequencies at each stage of life. To visualize the frequency of death at 

different ages, I superimposed Gaussian distributions over frequency plots that graph the number 

of worms that died on a given day, shown in Figure 8.  
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Frequency Plots of Worm Lifespan 

 

Figure 8: Gaussian Distributions of Strain Longevity 

The distribution of lifespans in N2 worms differs from the TIR-1 mutant strains, corresponding to the statistical 

significance in the difference between Kaplan-Meir survival curves 
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Indeed, while the Gaussian distributions for each strain of worm varies, the ANOVA test 

comparing biological replicate averages determined no statistical significance in longevity 

(Figure 9). However, if I increase the statistical power by treating each worm as a biological 

replicate, the lifespan data corroborates the Kaplan-Meir survival curve data: in all strains except 

IG685, the mutation impacts longevity.  

 

A. Biological Replicates Averaged 

 
 

 

B. Biological Replicates Not Averaged 

 

Figure 9: Average Longevity of TIR-1 Mutant Strains Compared to N2 

(A) When data from each biological replicate is averaged, the change in longevity is not statistically significant 

in any TIR-1 mutant compared to N2, one-way ANOVA 

(B) When data from each replicate is pooled, the statistical power increases, and all strains except for IG685 

significantly differ in their longevities compared to N2. RB1085 is the only strain where longevity increases, 

one-way ANOVA 
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The Effect of TIR-1 on Reproductive Health 

My data suggests that TIR-1 modifies the probability of survival at different life stages. By 

measuring the brood sizes of my strains, I characterize health during childbirth, the most taxing 

phase of a worm’s lifespan. I counted the brood size of N2 and VC526 worms four separate 

times, and the brood sizes of IG685 and ZD101 three separate times, with 10-20 animals per 

trial. 

 

As in the longevity assay, the number of worms counted as a biological replicate determine the 

statistical power of the brood assay. Figure 10 shows the downtrend in brood size for each of the 

strains compared to N2. When plotting the brood size of each worm, the data is statistically 

significant for all strains, while the data is only statistically significant for ZD101 when plotting 

the average of each biological replicate. 

 

A. Biological Replicates Averaged 

 

B. Biological Replicates Not Averaged  
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Figure 10: Brood-Size of TIR-1 Mutant Strains Compared to N2 

(A) When data from each biological replicate is averaged, the change in brood-size is not statistically significant 

in any TIR-1 mutant compared to N2, one-way ANOVA, outliers removed 

(B) When data from each replicate is pooled, the statistical power increases, and all strains demonstrate a 

significant decline in brood-size compared to N2, one-way ANOVA, outliers removed 

 

When I conducted the brood-size assay, I excluded data from worms that internally hatched 

before day five of adulthood; these worms died before laying their full brood-size. However, I 

discovered that TIR-1 mutant worms internally hatch more frequently. I recorded the percentage 

of worms that internally hatched in my brood-size trials, and I also recorded the data for the 

RB1085 and RB2145 strains while I conducted their longevity assay. As depicted in Figure 11, 

internal hatching increased statistically significantly in strains IG685, ZD101 and RB2145, as 

determined by an unpaired, two-tailed t-test.  

Internal Hatching 

 

Figure 11: Percent of Worms that Internally Hatch 

Compared to N2 (n=20, 15, 28), internal hatching increases in IG685 (n=20, 15, 25), RB2145 (n=27), and ZD101 (n=20, 18, 

27) while trending upwards in RB1085 (n=23) and VC526 (n=20, 19, 28), unpaired two-tailed t-test 
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The Effect of TIR-1 on NAD+ Metabolism 

Role of TIR-1 in the De Novo Pathway 

To understand how TIR-1 affects tryptophan entering the de novo pathway, I compared the total 

ion counts of metabolites from the de novo path in the mutant strains versus the N2 strain. While 

there is no statistical significance in the amount of tryptophan between strains, there is a marked 

increase in kynurenine in strain IG685 (Figure 12). When normalized for tryptophan, the 

kynurenine:tryptophan ratio reveals that in addition to IG685, strains RB2145 and ZD101 

maintain relatively high levels of kynurenine. 
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A 

 

C 

 

 

B 

 

Figure 12: Comparison of Kynurenine and Tryptophan Levels Across TIR-1 Mutant Strains 

(A) Kynurenine’s total ion count increases in IG685, one way ANOVA 

(B) Tryptophan’s total ion count does not significantly change in any mutant strain, one-way ANOVA 

(C) A higher-than-normal ratio of tryptophan converts into kynurenine in strains IG685, RB2145, and ZD101, one-

way ANOVA 
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To understand if kynurenine consumption is low or if kynurenine synthesis from tryptophan is 

high, I searched for metabolites in other tryptophan pathways, and for metabolites further down 

the de novo path. I obtained readouts for two metabolites in the indole pathway, tryptamine and 

indole, and one metabolite further down the de novo path, 3-hydroxyanthranilic acid 

 

The same three strains with elevated kynurenine lacked tryptamine to a statistically significant 

degree. The same pattern existed for indole, where the total ion count dropped in RB2147 and 

ZD101, with levels trending downward in IG685. However, once normalized by the level of 

tryptophan, the differences are not statistically significant (Figure 13). 

 

A 

 

B 
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C 

 

D 

 

Figure 13: Comparison of Indole Pathway Metabolites Across TIR-1 Mutant Strains 

(A) Indole’s total ion count decreases in RB2145 and ZD101, one way ANOVA 

(B) Tryptophan to indole turnover does not change in the TIR-1 mutants, one way ANOVA 

(C) Tryptamine’s total ion count decreases in RB2145 and ZD101, one way ANOVA 

(D) Tryptophan to tryptamine turnover does not change in the TIR-1 mutants, one way ANOVA 

 

Though kynurenine levels remain even across strains, even increasing in IG685, levels of 3-

hydroxyanthranilic acid decrease in IG685, RB2145, and ZD101 (Figure 14). To see if 

kynurenine shunted out of the de novo pathway, I searched for kynurenic acid, anthranilic acid, 

and xanthurenic acid—all of the possible metabolites that the de novo pathway siphons into 

while kynurenine converts to 3-hydroxyanthranilic acid. The LC-MS did not resolve peaks for 

any of the metabolites.  
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Instead, I calculated the 3-hydroxyanthranilic acid:kynurenine ratio to determine if, compared to 

the N2 strain, the mutants converted less kynurenine into 3-hydroxyanthranilic acid. Figure 14 

demonstrates a reduced conversion rate in all but one mutant strain.  

A 

 

C 

 

B 

 

Figure 14: Comparison of Kynurenine and 3-Hydroxyanthranilic Acid Levels Across TIR-1 Mutant Strains 

(A) 3-Hydroxyanthranillic acid’s total ion count decreased in IG685, RB2145, and ZD101, one way ANOVA 

(B) Kynurenine’s total ion count increases in IG685, one way ANOVA 

(C) A lower-than-normal ratio of kynurenine converts into 3-hydroxyanthranillic acid in strains IG685, RB2145, 

VC526, and ZD101, one-way ANOVA 
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I then investigated the alternative hypothesis that one of the two enzymes involved in converting 

kynurenine into 3-hydroxyanthranilic acid downregulates in TIR-1 mutants. In each strain, I 

calculated the degree to which kynurenine’s total ion count (TIC) deviated from the N2 strain. I 

then calculated how much the 3-hydroxyanthranilic acid TIC deviated from N2. To determine if 

the fold change in kynurenine correlated to fold change in 3-hydroxyanthranilic acid, I plotted 

the values and determined the r2 value, as depicted in Figure 15. With an average r2 value of 

0.19, the normalized kynurenine levels failed to correlate with the normalized 3-

hydroxyanthranilic acid levels.  
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Figure 15: Correlation Between the Fold Change in Kynurenine and the Fold Change in 3-Hydroxyanthranillic Acid 

Little correlation exists in any of the strains between the change in kynurenine and the change in 3-hydroxyanthracilic 

acid 

 

In two enzymatic steps, 3-hydroxyanthranilic acid converts into NaMN, which feeds into the 

Pries-Handler pathway. Despite the low 3-hydroxyanthranilic acid levels, NaMN remains 

statistically even across the board (Figure 16).  
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Figure 16: NaMN Total Ion Count in TIR-1 Mutant Strains 

Though the NaMN total ion count trends downwards in strains RB1085, RB2145, and ZD101, none of the 

mutant strains depart from N2 with statistical significance, one-way ANOVA 

Role of TIR-1 in Redox States 

Because 3-hydroxyanthranilic acid functions as an antioxidant with decline implicated in brain 

injury47, I searched for antioxidant-oxidant pairs to explore how TIR-1 affects redox states in an 

organism. I obtained readouts for two potent redox pairs, NAD+/NADH and glutathione 

disulfide/glutathione. In accordance with the decline in the 3-hydroxyanthranilic antioxidant, 

both pairs demonstrated a shift towards the oxidized state (Figure 17).     
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A 

 

B 

 

Figure 17: Comparison of Redox Couples Between TIR-1 Mutant Strains 

(A) The NAD+:NADH ratio favors the oxidized species in strain VC526, one-way ANOVA 

(B) The glutathione disulfide:glutathione ratio favors the oxidized species in strains RB1085 and RB2145, one-way 

ANOVA 

Role of TIR-1 in NR Homeostasis 

Although I expected that the TIR-1 mutant strains would consume less NAD+, the LC-MS data 

revealed that in strains RB1085, RB2145, and ZD101, NAD+ levels declined roughly 50% 

compared to the wild-type strain. Only VC526 trended towards an increase in NAD+, though not 

enough for statistical significance (Figure 18). Because the TIR-1 mutants showed no significant 
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change in NaMN, and I did not find a readout for NaAD, I looked to the NR → NMN → NAD+ 

pathway to understand how NAD+ precursors in the NR pathway contribute to NAD+ decline.  

 

Figure 18: NAD+ Total Ion Count in TIR-1 Mutant Strains 

The NAD+ total ion count decreases in strains RB1085, RB2145, and ZD101 while trending upwards in strain 

VC526, one-way ANOVA 

 

Both NR and NMN showed the same pattern as NAD+—declining levels in RB1085, RB2145, 

and ZD101 with high levels in VC526. Tellingly, NR levels declined by roughly 50% in the 

same three strains that declined by roughly 50% in NAD+. When normalized against NR, the 

NMN:NR and NAD:NR ratios show no change across strains (Figure 19).  
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B 

 

Figure 19: Metabolites of the NR Pathway Normalized to NR 

(A) NAD+ levels change proportionally to NR levels in each of the TIR-1 mutant strains, one-way ANOVA 

(B) NMN levels change proportionally to NR levels in each of the TIR-1 mutant strains, one-way ANOVA 

Role of TIR-1 in NAD+ Consumption 

All NAD+ consumers break NAD+ into NAM. TIR-1 breaks NAD+ into NAM and ADPR, which 

in turn breaks down into AMP and ribose 5-phosphate. To understand the extent of TIR-1’s role 

in NAD+ consumption, I searched for each of these metabolites.  
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In the mutants, I expected lower NAM, and it did decline in RB2145 while trending down in 

RB1085 and ZD101 (Figure 20). Perplexingly, NAM trended upwards in VC526, which 

prompted me to compare the levels of NAM against the levels of NAD+. I plot the NAM:NAD+ 

ratio in Figure 20, where once normalized, there is no statistically significant difference in NAM 

levels, though in RB1085 and RB2145, the levels do trend down.  

A 

 

C 

 

 

B 

 

Figure 20: Comparison of NAM and NAD+ Levels Across TIR-1 Mutant Strains 
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(A) NAM’s total ion count decreased in strain RB1085 and increased in VC526, one-way ANOVA 

(B) NAD+’s total ion count decreased in strains RB1085, RB2145, and ZD101 while trending upwards in VC526, 

one-way ANOVA 

(C) NAD+ to NAM turnover does not significantly change in the TIR-1 mutants, though it trends down in strains 

RB1085 and RB2145, one way ANOVA 

 

Similarly, AMP and ribose 5-phosphate levels decline with statistical or biological significance 

in strains RB1085, RB2145, and VC526, but once normalized against the levels NAD+, the 

metabolites tell a less straightforward story (Figure 21). The ribose 5-phosphate:NAD+ ratio 

remains even across the strains with a downward trend in VC526. Meanwhile, the AMP:NAD+ 

ratio remains even across the strains except for a statistically significant increase in strains 

RB1085 and ZD101.  

  

A 

 

B 
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Figure 21: Comparison of ADPR Breakdown Metabolites Across TIR-1 Mutant Strains 

(A) AMP’s total ion count does not significantly change in the TIR-1 mutants, though trends low in RB1085, 

RB2145, and ZD101, one way ANOVA 

(B) AMP levels normalized to NAD+ increase in strains RB1085 and ZD101, one-way ANOVA 

(C) Ribose 5-phosphate’s total ion count decreases in strains RB1085, RB2145, and ZD101, one-way ANOVA 

(D) Ribose 5-phosphate levels normalized to NAD+ do not significantly change in any of the TIR-1 mutants, one-way 

ANOVA 

 

Role of TIR-1 in the Salvage Pathway 

To understand if TIR-1 impacts the salvage pathway, I determined the NA:NAM ratio for each 

strain. As depicted in Figure 22, the ratio indicates what proportion of NAM recycles back into 
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the Pries-Handler pathway. Though none of the ratios depart with statistical significance from 

the wild-type strain, the ratios in RB1085, RB2145, and ZD101 trend high.  

 

Figure 22: NAM to NA Turnover in TIR-1 Mutant Strains 

Though not statistically significant, the ratio of NAM that converts to NA increases in strains RB1085, 

RB2145, and ZD101, one-way ANOVA 

  

Role of TIR-1 in Global Metabolism 

TIR-1 directly impacts NAD+ metabolism and NAD+ impacts global metabolism. To visualize 

how TIR-1 mutations regulate the entire metabolome, I created Figure 23 of heatmaps that 

display the relative values of every metabolite for which I obtained a good LC-MS readout. 
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A. Heatmap of All Biological and Technical Replicates 
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B. Heatmap of Averaged Biological and Technical Replicates 

 

Figure 23: Global Metabolite Heatmaps 
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Chapter 4  
 

Discussion 

Necessity of Standardizing Longevity Assay Graphs 

When comparing the average longevity of my strains, I chose to present my data in two forms: a 

comparison of biological replicate averages, and a comparison of the total average once I pooled 

replicated data together. Driven by the statistical power of a high number of cheap and 

expendable worms, the latter comparison yielded four significant p-values from formerly non-

significant data. No obvious consensus exists on how researchers should collect or present C. 

elegans longevity data, yet the distinctions determine statistical validity.  

 

I counted a biological replicate as an assay performed anew, beginning after the conclusion of 

the previous assay. When I scored my strains for brood-size and longevity, I maintained 20-30 

animals per strain, each on their own plate. I defined each plate as a technical replicate.  

 

Another researcher may define a biological replicate as a group of worms on one plate and each 

worm a technical replicate. With two plates of 10-15 worms each, that researcher could collect 

double the number of biological replicates while studying the same total number of worms.  

 

My method is inefficient; after studying a total of seventy worms per strain, the numbers average 

into only three values to plot on a graph. The other researcher’s method could double his 

statistical significance at the expense of validity. With even minor changes in temperature and 
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environment impacting C. elegans behavior, it may be misleading to collect multiple biological 

replicates at the same time. There must be a consensus compromise between valid data collection 

and efficient data collection to compare results between papers more accurately.  

 

The lifespan data I collected indicates that TIR-1 mutations affect average longevity and lifespan 

more than the current literature suggests. When I pooled my longevity data, mutant strains 

VC526, ZD101, and RB2145 lived shorter lives on average than the wild-type strain. RB1085 

lived longer. Because I did not repeat my experiments for the RB2145 and RB1085 strains, the 

data may not be accurate. Still, when most of the TIR-1 mutant strains live shorter lives, the data 

cautions against knockdown therapeutics. 

 

Compared to average longevity measurements, Kaplan-Meir survival curves better represent an 

organism’s lifespan and healthspan—the time an organism is healthy, not just alive. Kaplan-Meir 

curves, for example, would detect the difference between a population of one group that dies in 

infancy and another that dies in old age versus a population that dies in middle age. The two 

populations share an average lifespan, but there is more nuance; after infancy, the former 

population is healthier than the latter. By depicting the probability of survival through a given 

period rather than the average time of death, Kaplan-Meir curves offer a means to statistically 

compare frequency distributions of time of death.   

 

The Mantel-Cox test of the Kaplan-Meir curves statistically confirmed a difference in the 

lifespans (not necessarily the longevities) of the TIR-1 mutant strains. The test statistic 
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corresponds to the difference in the Gaussian distribution curves for each strain, though the 

Gaussian curves would fit the data more neatly with a greater sample size.  

 

Despite the awkward trend-line, the frequency graphs reveal a role for TIR-1 that the longevity 

graphs could not. In the N2 strain, not a single worm died before day nine, but over half the 

sample died by day fourteen. C. elegans lay 80% of their brood by day eight48, meaning that all 

N2 worms survived to lay their full brood. The least healthy died shortly thereafter while the 

healthiest made it past day twenty.  

 

In the mutant strains, worms died prior to day nine, indicating that the stress of childbirth killed 

the least healthy worms before they lay a full brood. Meanwhile, the healthiest mutant worms 

reached the same old age as the healthiest N2 worms. Because TIR-1 mutants died 

disproportionately during childbirth, there is support for the hypothesis that TIR-1 plays a 

protective role during periods of stress. 

Reproductive Assays as Measurements of Stress-Tolerance 

The brood-size assay may not represent reproductive health so much as it indicates stress 

tolerance. If the TIR-1 mutation disrupts worm metabolism, worms may conserve resources by 

allocating less energy into childbirth. In other words, the reproductive health assay requires 

assays that measure energy expenditure to understand if reproductive health is worse or if energy 

expenditure overall is worse.  
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Movement assays under a tracker and swimming assays could provide metrics for how much 

energy the worms choose to expend versus how much energy the worms can expend. These 

assays could also help contextualize the metabolic data. If the mutant worms conserve energy by 

moving less and having fewer children, then their metabolic readouts may look more similar to 

the N2 strain than they otherwise would have been.  

 

Interestingly, while brood size decreased across all TIR-1 mutant strains, it decreased the least in 

the IG685 strain. The IG685 strain contains a full TIR-1 deletion. A partially functional TIR-1 

may be more adverse than a dysfunctional TIR-1—a pattern that extends to internal hatching.  

 

Internal hatching, another readout for reproductive health, demonstrated a sharp increase in the 

TIR-1 mutants. N2 worms rarely internally hatch, though stressful conditions including bacterial 

infection or starvation induce the phenotype, perhaps because the parent’s body provides enough 

food for the progeny to reach to a resistant dauer stage49.  

 

Because internal hatching correlates with stress and reduced longevity even in individuals that do 

not internally hatch, its frequency reliably reports population-wide stress49. The increase in 

internal hatching in the TIR-1 mutant strains may further indicate the lower stress tolerance in 

TIR-1 mutants. Another possibility for the increase is that without TIR-1, the mutants are more 

susceptible to bacterial infection. Performing brood-assays on UV-killed food may help answer 

if increased bacterial infection causes the increased internal hatching.  
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Statistical Significance of Metabolomic Data 

I performed three biological replicates of the multigenerational life-food metabolomics 

experiment. Each biological replicate contained technical replicates of three unique samples from 

a strain. Although I collected the samples and extracted the metabolites on different weeks for 

each biological replicate, I ran biological replicates two and three at the same time in the LC-MS 

machine. The LC-MS detected higher metabolite levels in first three technical replicates, 

corresponding to biological replicate number one, compared to the final six technical replicates, 

corresponding to the final two biological replicates that I analyzed together.   

 

I first tried normalizing the data from each of the first three technical replicates against the N2 

strain, but the total counts still did not match the normalized values for the final six technical 

replicates. Because statistical analysis requires at least three data points, I decided to analyze the 

six technical replicates from trials two and three, excluding the outliers.  

 

Because each of the technical replicates comes from a unique population of multigenerational 

worms, variation comes from biological differences rather than machine variation. The 

difference in the samples I omitted, however, comes from the machine performing differently on 

different days, not necessarily from biological variation. Therefore, I believe that my data gains 

validity by omitting the first biological replicate and comparing the remaining six technical 

replicates.  
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TIR-1 Shunts Tryptophan into the De Novo Pathway 

My analysis of NAD+ metabolism begins before reaching an NAD+ pathway. Tryptophan can 

commit to three directions: the indole pathway, the serotonin pathway, or the kynurenine 

pathway (also known as the de novo pathway). The LC-MS data suggests that TIR-1 modulates 

which pathway tryptophan chooses. The percentage of tryptophan that commits to the 

kynurenine pathway increases for strains IG685, RB2145, and ZD101. In those same strains, the 

percentage of tryptophan that commits to the indole pathway does not change. Though I did not 

obtain readouts from the serotonin pathway, tryptophan must shunt away from the serotonin 

pathway into the kynurenine pathway in the TIR-1 mutants.   

TIR-1 Shunts Kynurenine out of the De Novo Pathway 

The 3-hydroxyanthranilic acid:kynurenine ratio proved that in all of the mutants except for 

RB1085, a smaller percent of kynurenine converted into 3-hydroxyanthranilic acid compared to 

the wild-type strain. There are two possibilities for why that happens: either kynurenine shunts 

out of the de novo pathway by forming other metabolites, or one of the enzymes that processes 

kynurenine to 3-hydroxyanthranilic acid downregulates. 

 

In the latter hypothesis, kynurenine increases like the level of water in a running sink when the 

drain is clogged—creation without consumption. If the increase in kynurenine exactly correlated 

to the decrease in 3-hydroxyanthranilic acid, then I could show that instead of shunting out of the 

de novo pathway, kynurenine levels simply pool in the sink basin. By normalizing levels of 

kynurenine in the mutants by the levels in N2, I calculated the relative increase of pooled 
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kynurenine in the sink basin. By normalizing 3-hydroxyanthranilic acid to levels in N2, I 

calculated the relative decrease of water running out of the drain.  

 

Because the relative increase in kynurenine did not correlate to the relative decrease in 3-

hydroxyanthranilic acid, I disprove the clogged drain hypothesis. Or at least, if kynurenine does 

pool in the sink, it soon finds somewhere else to go. Better readouts of the metabolites branching 

off the kynurenine pathway would be useful in determining which pathways kynurenine (or the 

kynurenine and 3-hydroxyanthranilic acid intermediary, 3-hydroxykynurenine) shunts into and 

why.   

Immune Pathways and De Novo Regulation 

Of the five enzymes in the kynurenine pathway that convert tryptophan into quinolinic acid, 

three are regulated by cytokines50. Cytokines also regulate several of the enzymes that shunt de 

novo metabolites out of the de novo50. Cytokines like interleukins, interferons, and TNF alpha 

signal infection, promoting the inflammation response in immune cells. Because TIR-1 mediates 

the innate immune system, altered cytokine expression in the TIR-1 mutants may control the 

differential regulation of the de novo path. Future metabolomic experiments conducted on worms 

grown on UV killed food could prevent infection from altering the pathway. 
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Oxidation in TIR-1 Mutants 

In three of the mutants, IG685, RB2145, and ZD101, 3-hydroxyanthranilic acid levels 

plummeted. Studies in C. elegans demonstrate that 3-hydroxyanthranilic acid resists oxidative 

stress and that animals supplemented with the metabolite live longer51. In addition to a decline in 

the 3-hydroxyanthranilic acid antioxidant, TIR-1 mutant worms display higher NAD+/NADH 

and glutathione disulfide:glutathione ratios. These ratios are shifted towards the oxidized species, 

indicating that TIR-1 may provide a protective role by reducing oxidative stress.  

Altered NR Pathway in TIR-1 Mutants 

I discovered a decline in NMN and NAD+ in the TIR-1 mutants that corresponded proportionally 

to a decline in NR. It seems unlikely that the enzyme that converts NR to NMN upregulates, 

since neither the levels of NMN, NAD+, nor any of the metabolites in the salvage pathway 

increase.  

 

Recent studies in humans suggest that another enzyme, purine nucleoside phosphorylase (NP), 

converts NR into NAM. If the NAM:NAD+ ratio increased in the TIR-1 mutants, I could 

hypothesize that an undiscovered C. elegans NP homologue upregulates in the absence of TIR-1. 

However, the NAM:NAD+ ratio remains even across the strains. Because NAM levels change 

proportionally to NAD+, then NR cannot also be breaking down into NAM.  

 

Without evidence of increased NR consumption, I hypothesize that TIR-1 regulates NR uptake 

from the diet. Supplementing the N2 and TIR-1 mutant strains with NR could reveal if the 
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mutants struggle to accept the metabolite. In a clinical context, NR supplementation could 

alleviate metabolic stress caused by therapeutics which knockdown SARM1.  

A Lackluster NAD+ Consumer 

NR levels, not reduced NAD+ consumption, seem to determine the amount NAD+ in the TIR-1 

mutant strains. Although NAM—the direct breakdown product of NAD+—decreases in some of 

the TIR-1 mutant strains, the unchanging NAM: NAD+ ratio proves that NAM levels decline 

because NAD+ levels declined, not because of reduced consumer activity.  

 

AMP and ribose 5-phopshate indirectly correspond to NAD+ consumption. Their levels should 

increase when TIR-1 breaks NAD+ into ADPR, but metabolites other than ADPR form AMP and 

ribose 5-phopshate as well. Further, their readouts may indicate SARM1 activity better than TIR-

1 activity because 90% of SARM1’s break down product becomes ADPR, while 90% of TIR-1’s 

break down product spontaneously cyclizes into cADPR—a metabolite that does not turn into 

AMP or ribose 5-phopshate. Still, following my reasoning for determining the NAM: NAD+ 

ratio, I determined the AMP: NAD+ ratio and ribose 5-phopshate:NAD+ ratio, finding that they 

did not decline either.   

 

Because my data does not show any significant decline in NAD+ breakdown products when 

normalized for NAD+ levels, it seems that TIR-1 is not a major NAD+ consumer in the worm. 

This data also refutes the hypothesis that TIR-1 covers the roles of SARM1 and CD38 in the 

worm, because in humans, CD38 is the most prolific NAD+ consumer52. Future research could 
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explore these readouts for strains put under stress including age, infection, or neuron injury to 

see if TIR-1 becomes a bigger player in NAD+ consumption. Because TIR-1 is constitutively 

active while SARM1 reacts to the NMN:NAD+ ratio, I expect that stress would upregulate 

SARM1 activity more than it would upregulate TIR-1 activity.  

Overactive Salvage Pathway 

Although NAM turnover did not statistically deviate from the wild-type strain, the recycling rate 

trends higher in strains RB1085, RB2145, and ZD101. Two of those strains, RB2145 and 

ZD101, displayed low levels of the de novo metabolite, 3-hydroxyanthranilic acid because 

kynurenine shunted away from the de novo pathway. When the salvage and de novo pathways 

converge at NaMN, they seem to even each other out: while RB1085, RB2145, and ZD101 trend 

slightly lower than N2, the difference is not statistically significant. With more replicates, the 

trending data may gain the statistical power to show that the salvage pathway upregulates to 

compensate for a downregulated de novo pathway.  
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Appendix 

List of Abbreviations in Order of Appearance 

• NAD+ - Nicotinamide Adenine Dinucleotide 

• NADH - Nicotinamide Adenine Dinucleotide + Hydrogen 

• PARPs – Poly ADP-Ribosyl Polymerases 

• CD38 – Cyclic ADP-Ribose Synthase 38 

• SARM1 – Sterile Alpha and TIR Motif Containing 1 

• TIR Domain - Toll/Interleukin-1 Receptor Domain 

• C. elegans -  Caenorhabditis elegans 

• MAPK – Mitogen-Activated Protein Kinase 

• Ca2+ - Calcium Ion 

• NaMN – Nicotinic Acid Mononucleotide 

• NA – Nicotinic Acid 

• NAM – Nicotinamide  

• NMN – Nicotinamide Mononucleotide 

• NR – Nicotinamide Riboside 

• NMNAT1 – Nicotinamide Nucleotide Adenylyltransferase 1 

• NMNAT 2 - Nicotinamide Nucleotide Adenylyltransferase 2 

• JNK – c-Jun N-terminal Kinase 

• ATP – Adenosine Triphosphate 

• ARM Domain – Armadillo Repeat Domain 
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• SAM Domain – Sterile Alpha Motif Domain 

• ADPR – Adenosine Diphosphate Ribose 

• cADPR – Cyclic Adenosine Diphosphate Ribose 

• Cryo-EM – Cryogenic Electron Microscopy 

• NGM Agar – Nematode Growth Medium Agar 

• E. coli – Escherichia Coli 

• L4 – Larval Stage 4 

• LC-MS – Liquid Chromatography Coupled Mass Spectrometry 

• HILIC – Hydrophilic Interaction Chromatography 

• BCA Assay – Bicinchoninic Acid Assay 

• 3-HAA - 3-Hydroxyanthranilic Acid 

• AMP – Adenosine Monophosphate 
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