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Abstract: 
  

 Aging is a conserved phenomenon that affects many eukaryotic systems. Aging can be defined as the 
gradual, chronic loss of function in many biological processes that ultimately lead to the death of an organism. 
Mitochondria are entangled in the aging paradigm in eukaryotic systems. In healthy organisms, mitochondria 
are a dynamic network of membrane bound organelles that generate the cell’s preferred potential energy 
source, ATP. Mitochondrial dysfunction is one of the nine hallmarks of aging (1). Mitochondrial dysfunction 
impacts the other eight hallmarks of aging either directly or indirectly (2). The dynamic structure of 
mitochondria, i.e., the degree of interconnectedness or fragmentation of the mitochondrial network, is regulated 
by the two opposing processes of mitochondrial fission and fusion. Mitochondrial fission occurs when there is 
an excess of nutrients or oxidative stress and results in spherical, fragmented mitochondrial networks. Fusion 
occurs under caloric restriction, a known pro-longevity intervention, and results in elongated, tubular 
mitochondrial networks. The kynurenine pathway is the de novo synthesis pathway of nicotinamide adenine 
dinucleotide (NAD+) from exogenous tryptophan. Impairing the activity of the kynurenine pathway enzymes 3-
hydroxyanthranilic acid (HAAO) and kynureninase (KYNU) increases lifespan in Caenorhabditis elegans by 20-
30%. Adding exogenous 3-hydroxyanthranilic acid (3HAA), the metabolite generated by KYNU and degraded 
by HAAO, increases lifespan to a similar degree to knocking out HAAO inhibition. Mitochondrial function and 
the kynurenine pathway are connected by NAD+ as it is a product of the kynurenine pathway and used as an 
electron carrier for the electron transport chain in the mitochondria. Mitochondrial function and structure have 
not previously been characterized in the context of pro-longevity kynurenine pathway interventions. In this work 
I examine mitochondrial function and structure when subjected to kynurenine pathway inhibition. Kynurenine 
pathway modulation results in slight mitochondrial dysfunction middle in life as measured by O2 consumption 
assays. Mitochondrial fragmentation is observed when C. elegans are treated with kynurenine pathway 
modulation. This work should establish a link between kynurenine pathway inhibition and mitochondrial 
function in the context of aging.  
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Introduction:  
 

Aging is a conserved process across most eukaryotic species that characterized by gradual loss of 
function in many physiological processes that ultimately leads to death of an organism. Mitochondrial 
dysfunction is a hallmark of aging (1). In a normal eukaryotic system, the mitochondria functions as the main 
source of ATP, the preferred potential energy source within the cell. The mitochondria are membrane-bound 
organelles that generate ATP using the electron transport chain (ETC). The ETC creates a proton gradient 
across the mitochondrial inner membrane that drives ATP production by ATP synthase, which sits on the inner 
membrane (Figure 1A). Nicotinamide adenine dinucleotide (NAD+) is converted into NADH via glycolysis and 
the citric acid cycle where it functions as an electron donor for the first complex along the ETC, NAD 
dehydrogenase (Figure 1A). Electrons are transported from complex I to complex IV, where the final electron 
acceptor, oxygen, is converted to water. Protons are transported across the inner membrane and into the 
cristae lumen against the gradient, creating a large potential energy source for when the protons enter ATP 
synthase, generating sufficient amount of energy to convert ADP and a phosphate into ATP (Figure 1A). As 
eukaryotic organisms age, their mitochondrial can exhibit signs of dysfunction. Dysfunction of the mitochondria 
can cause accumulation of reactive oxygen species (ROS) within the cell, causing damage to nuclear and 
mitochondrial DNA, leading to genome instability, telomere dysfunction and cellular senescence (2). 

Decreased metabolic load from dysfunctional mitochondria can also cause declining stem cell function, 
epigenetic alterations, compromised intracellular signaling, and defective nutrient sensing (2). Finally, 
mitochondria play a key role in the apoptosis cascade, which can be disrupted by mitochondrial dysfunction 
(2). In many systems, the dynamics of mitochondria offer insight into stress response and overall health of the 
organism. Mitochondrial dynamics dictate the shape of the mitochondrial network as being fragmentated or 
interconnected, which is driven by two opposing processes of mitochondrial fission and fusion. Fission is the 

Figure 1. Mitochondrial dynamics govern mitochondrial structure, and the electron transport chain dictates 
mitochondrial function. A. Model of fusion and fission processes that drive mitochondrial dynamics with their 
respective proteins. B. Diagram illustrating the electron transport chain as a mechanism of action for oxidative 
phosphorylation to generate ATP. Image source of A is Koopman et al., 2016. Image source for B is Liu et al., 
2020.  

B A 
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process by which large, interconnected mitochondria fragment into smaller, separate mitochondrial 
compartments. This process begins with replication of mtDNA near an endoplasmic reticulation attachment site 
(3). The mitochondrial fission protein 1 (FIS-1), encoded in C. elegans by the gene fis-1, localizes to the outer 
membrane of the fragmenting mitochondria where dynamin-related protein, encoded by drp-1 is recruited to 
cleave the separating mitochondria (3). Fusion, however, is the process of two mitochondria merging to 
produce a large mitochondrial compartmentation. Mitochondrial fusion begins with the proteins FZO-1 and 
EAT-3/OPA1, two dynamin-like GTPases (3). FZO-1 sits on the outer membrane surface of both mitochondria 
and create a connection between the two mitochondria (3). Forcing the two mitochondria to come together, 
FZO-1 acts as a clamp to force the outer membranes to connect with one another (3). After the connection is 
formed, EAT-3 undergoes a similar process to that of FZO-1, but works to fuse the inner membranes of the 
mitochondria (3). In terms of healthier mitochondrial dynamics, fusion is seen when interventions that result in 
increased longevity are present like insulin sensitivity and caloric restriction (3). Mitochondrial health can also 
be measured in terms of cellular respiration ability via O2 consumption assays. These assays measure oxygen 
turnover from the electron transport chain in the mitochondria. A higher O2 consumption rate is considered a 
sign of metabolic health and improved mitochondrial function. 

The kynurenine pathway synthesizes de novo endogenous nicotinamide adenine dinucleotide (NAD+) 
from tryptophan (TRP) and is highly conserved from bacteria to humans (Figure 2A). The kynurenine pathway 
has become a recent target of interest in longevity research following the discovery that impairing tryptophan 
2,3-dioxygenase (TDO2), encoded by the gene vermillion, in Drosophila melanogaster significantly increases 
lifespan (4,5). RNAi knockdown of tdo-2 increases longevity in C. elegans (6). It was determined that tdo-2 was 
acting independently of other longevity pathways like insulin/insulin-like signaling, dietary restriction, and 
hypoxia (6). Previous studies by our lab demonstrated that knocking down haao-1 or kynu-1 genes in worms 
increases longevity between 15-30% compared to controls (Figure 2A,7,8). The kynu-1 gene encodes for the 
enzyme kynureninase (KYNU) which catalyzes the conversion of kynurenine into anthranilic acid and 3-
hydroxykynurenine into 3-hydroxyanthranilic acid (3HAA) (Figure 2A). Anthranilic acid can autoxidize into 
3HAA without the help of an enzyme. The haao-1 gene codes for the enzyme that directly follows kynu-1, so 

A
. 

B
. 

C
. 

Figure 2. Modulation of the kynurenine pathway increases lifespan. A. Schematic of NAD+ 
synthesis pathways, including de novo via the kynurenine pathway and NAD+ recycling from 
NAM through the salvage and Preiss-Handler pathways. B. Knockdown or knockout of haao-
1, or supplementation with 1mM 3HAA, extends lifespan in C. elegans. C. Knockdown of 
haao-1, kynu-1, or tdo-2 extends lifespan in C. elegans. P*** < 0.001 log rank test. A. Diagram 
made in BioRender. Image source for B and C is Dang et al., 2021. 
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when 3HAA is synthesized, 3-hyrdoxyanthranilate 3,4-dioxygenase (HAAO) converts it into 2-amino-3-
carboxymuconic semialdehyde (ACMSA). Surprisingly, previous work in our lab shows that by adding 
exogenous 3HAA to the worms, they also exhibit a life extension similar to that of haao-1 knockdown. One 
major difference between exogenous 3HAA and haao-1 knockdown is the expected impact on the NAD+ pool. 
While exogenous 3HAA would be expected to increase the NAD+ pool, haao-1 knockdown would likely 
diminish the NAD+ pool by inhibiting de novo NAD+

 synthesis. NAD+ is an important cofactor for reduction-
oxidation reactions, glycolysis, tricarboxylic acid cycle, and oxidative-phosphorylation. NAD+ also serves as a 
substrate for NAD+ consuming enzymes such as PARPs, PARGs, and SIRTs (9). These proteins function as 
DNA defense mechanisms and modifiers, and when enhanced by the addition of NAD+ precursors such as 
nicotinamide (NAM) and nicotinamide riboside (NR), phenotypes associated with longevity are observed (10). 
De novo synthesis of NAD+ via the kynurenine pathway is accompanied by two other pathways for NAD+ 
generation, the salvage pathway and the Preiss-Handler pathway. In mammals, the NAD salvage pathway 
converts nicotinamide (NAM) to nicotinamide mononucleotide (NMN) by the enzyme nicotinamide 
phosphoribosyltransferase (NAMPT). Many invertebrates, including C. elegans, do not possess a gene 
encoding NAMPT. In C. elegans, the Preiss-Handler pathway instead converts NAM into nicotinic acid (NA) 
which then undergoes a series of reactions that conclude with the formation of NAD+. In both mammals and 
invertebrates, NR can be converted into NMN, and then directly altered into NAD+.  

In my work, I utilize Caenorhabditis elegans as the model system to study the impact of modulating the 
kynurenine pathway on mitochondrial function in the context of aging. C. elegans are a small (~1 mm) 
roundworm that have several advantages for aging research. First, they allow researchers to create large 
populations in a brief timeframe due to their large brood size and rapid development. Second, their short 
lifespans (~2-4 weeks) allow lifespan studies to be conducted rapidly. Third, their well-documented genome, 
and tools for easy genetic manipulations, allowing for endogenous genes to be easily manipulated and 
transgenic strains to be generated with fluorescent biomarkers tagging proteins of interest. Clear bodies allow 
these biomarkers to be monitored in vivo using simple fluorescent microscopy. Finally, genome-wide RNAi 
feeding libraries allow novel gene targets to be rapidly knocked down to assess the impact on any phenotype 
of interest.  

Here I examine the impact of kynu-1, haao-1, and 3HAA supplementation on both respiration rate and 
mitochondrial dynamics. By looking at O2 consumption levels, relative mitochondrial functioning can be 
measured. I hypothesize that the O2 consumption rates for kynu-1 and haao-1 will decrease and the structure 
of the mitochondrial network to exhibit a fragmented phenotype in comparison to controls as de novo synthesis 
of NAD+ would be diminished, and likely reduce functionality of the ETC in the mitochondria. In contrast, 3HAA 
supplementation should lead to higher O2 consumption levels and a hyper-fused mitochondrial network 
structure phenotype compared to controls as de novo synthesis of NAD+ is increased, thus generating a more 
efficient ETC. 
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Materials and Methods: 
 

Worm strains and maintenance 
N2 (wild type), syb2665 [haao-1::mScarlet] (SUN09), syb2691 [kynu-1::mScarlet] (SUN10), haao-1(tm4627)V 
(GLS130), kynu-1(tm4924)X (GLS129), zcls14 [myo-3p::GFP(mit)] (SJ4103). All strains were grown on and 
maintained on nematode growth media (NGM) seeded with E. coli bacterial food at 20°C as previously 
described (11). Worms were transferred to new plates. 

Bacteria feeding strains and creating OP50 for RNAi experiments 
Bacteria E. coli (OP50(xu363) and HT115) were used in this study. OP50(xu363) is the RNAi compatible strain 
OP50 strain from Xiao et al. (12), used to created OP50-based RNAi. Plasmids expressing kynu-1 and haao-1 
RNAi constructs were isolated from HT115 strain background, sequence-verified, and transformed into 
OP50(xu363) to create an OP50 version of each RNAi feeding clone. 

Lifespan analysis 
Lifespan analysis was conducted using the traditional scoring method as previously described (11). Worms 
were raised on nematode growth medium (NGM) stock plates. Hypochlorite treatment was used to isolate eggs 
and age-synchronize the population. P-values for lifespan studies were calculated using the log-rank test. 

Fluorescence microscopy 
I performed microscopy on a Leica M205 fluorescent stereoscope. Five worms per condition were anesthetized 
using 20 mM levamisole and placed on clear 2% agarose-LE (low electroendosmosis) pads on microscope 
slides and covered with a coverslip. Fluorescence readings were read and settings between pictures were kept 
consistent. Background subtraction and pixel intensity quantification was conducted using a custom MATLAB 
script. P-values were calculated using the two-tailed t-test assuming unequal variances. 

Worm respiration assays 
I set up oxygen consumption assays using Seahorse XF96 as previously described (13). Worms were grown 
on NGM plates and harvested by washing with M9 buffer solution. The 96-well Seahorse plate was washed 
with d2H2O and coated with 36 µL poly-L-lysine for 30 minutes and then dumped to adhere worms to the 
bottom of the wells. 10 worms were placed in each well of the 96-well Seahorse plate in 100 µL M9 buffer. 
Worms were not placed into the four corner wells as those are used for calibration. 12 µM FCCP was used to 
induce uncoupling of the mitochondrial inner membrane for maximum oxygen consumption rate reading. 3-
minute mixing and 3-minute waiting was done between each measurement reading. Basal readings were taken 
from the beginning of each run for 37 minutes until FCCP was added. Additional measurements were taken 
following FCCP addition until end of run (76 minutes). P-values were calculated using the two-tailed t-test 
assuming unequal variances. 

Mitochondrial structure imaging 
I assessed mitochondrial structure using the pmyo-3::GFP(mito) transgenic worm strain. Confocal images were 
captured using an Olympus IX83 confocal microscopy equipped with a SPECRA X Light Engine and a DSU 
spinning disk. Worms were grown on NGM plates with IPTG and ampicillin with OP50-based RNAi from egg. 
Worms were moved at L4 to plates with FUDR to ensure no prodigy hatched. Worms were collected on day 2 
and day 7 of adulthood and placed on glass slides with 2% agarose-LE pads and were immobilized using 20 
mM levamisole. Pictures were taken of the whole body of the worm of 5 worms per condition at 40x using only 
GFP fluorescence. Pictures were processed using background subtraction and Weiner deconvolution in the 
Olympus CellSens software. For each worm, I quantified mitochondria geometry in the region of each worm 
between the pharyngeal pump and the vulva using the ARIVIS software. Fluorescence, sphericity, side length, 
and volume were measured, and data was input into GraphPad for interpretation. P-values were calculated 
using the two-tailed t-test for all values.  
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Results: 
 
Generating RNAi constructs for kynu-1 and haao-1 
 

 Although most RNAi studies on C. elegans are conducted using the HT115 strain Escherichia coli, most 
non-RNAi studies are conducted on worms fed the OP50 strain of E. coli. HT115 and OP50 differ in 
metabolites and nutrients that affect C. elegans longevity and gene expression (12). Previous results using 

both HT115 for kynu-1 and haao-1 
RNAi experiments and OP50 for 
haao-1 and kynu-1 knockout 
strains and 3HAA 
supplementation, all of which 
extend lifespan. 3HAA 
supplementation for worms fed on 
OP50 consistently generates 
longer lifespans than worms fed 
on HT115. To remove the strain of 
the E. coli food source as a 
potential confounding variable. I 
generated a new OP50-based 
feeding RNAi construct for both 
haao-1 and kynu-1. OP50-based 
RNAi knockdown of haao-1 and 
kynu-1 effectively reduced 
expression of the transgenically 
fused in-frame mScarlet 
fluorescent protein to the 
corresponding genes. Fluorescent 
signal is clearly visible for KYNU-
1::mScarlet worms empty vector 
(EV(RNAi)) controls, but nearly 
completely eliminated when 
worms are fed the OP50-based 
kynu-1(RNAi) (Figure 3A and B). I 
observed a similar pattern when 
HAAO-1::mScarlet transgenic 
animals were fed EV(RNAi) vs 

haao-1(RNAi) (Figure 3A and B). I conclude that OP50-based RNAi system is effective at knocking down both 
HAAO-1 and KYNU-1. 

Knockdown haao-1 and kynu-1 causes slightly dysfunctional mitochondria 
 

 Knockdown of haao-1 and kynu-1 decreases oxygen consumption effectiveness in worms in early life. 
Measuring O2 consumption gives insight into the mitochondrial health of the worms by measuring the efficiency 
of the mitochondrial electron transport chain complex IV that converts O2 into water (14). Increasing NAD+ by 
knocking down α-amino-β-carboxymuconate-ε-semialdehyde decarboxylase (ACMSD) increases both basal 
and maximum O2 consumption rates (15). I hypothesized that decreasing the NAD+ pool by knocking out haao-
1 and kynu-1 would have the opposite effect and decrease the basal and maximum O2 consumption rates. C. 
elegans typically live around 23 days. I measured oxygen consumption in worms at day 2 and 7 of adulthood to 

Figure 3. New RNAi knockdown of haao-1 and kynu-1 show effective 
decrease in expression. A and B Newly synthesized OP50-based 
kynu-1(RNAi) and haao-1(RNAi) are effective in depleting signal of their 
respective proteins (N = 15, P**** < 0.0001). 
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evaluate changes in mitochondrial 
health with age. I first measured basal 
levels of O2 consumption rates and 
observed that there was no 
significance (p > 0.05) between 
control and 3HAA supplemented, or 
haao-1 knockout worms for both day 
2 and 7 of adulthood (Figure 4A and 
B). There was a significant rise (p = 
0.0017) in basal O2 consumption rate 
in day 2 adulthood kynu-1 knockout 
worms and a significant (p = 0.0382) 
decrease in basal O2 consumption 
rate in day 7 adulthood kynu-1 
knockout worms (Figure 4A and B). 
After recording the basal OCR, I 
injected 12 µM carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone 
(FCCP) into each well. FCCP is an 
electron transport chain uncoupler 
and causes the mitochondria to 
overcompensate for the H+ ions freely 
diffusing across the membrane by 
consuming the maximum of O2 that 
the cell can withstand to correct the 
gradient of H+ ions. At day 2, the 
worms only had three time point 
measurements, and the maximum 
OCR values varied greatly for 3HAA 
supplemented, haao-1 knockout, and 
kynu-1 knockout worms with no 
significant differences detected (p > 
0.05) (Figure 4C). 3HAA 
supplemented worms experienced a 
higher maximum OCR on day 7, 
following the theory that a higher 
NAD+ pool will increase OCR levels 
(Figure 4D). Another difference is 
observed from the rate at which the 
maximum OCR is reached. For day 2 
of adulthood, the control worms 

reached maximum OCR faster than the knockdown worms and control worms treated with 1 mM 3HAA (Figure 
4E). There is recovery for the delay in maximum OCR between the day 2 and day 7 adulthood worms (Figure 
4E and F). Although the worms reach about the same maximum OCR, the time to get to maximum is longer for 
haao-1(RNAi) and kynu-1(RNAi) knockdown worms relative to control. 

Knocking down haao-1 and kynu-1 genes shifts mitochondrial morphology towards fragmentation 
 

 To asses mitochondrial structure, I used the pmyo-3::GFP(mito) transgenic strain which mitochondrial 
tagged GFP under the control of the body muscle specific MYO-3 promoter and evaluated mitochondrial 

Figure 4. Oxygen consumption data of control and kynurenine 
pathway modulated worms shows impacted mitochondrial function 
that is rescued over time. A-B. Basal OCR of worms. C-D. Maximum 
OCR of worms. E-F. OCR over time of day 2 adult and day 7 adult 
worms with FCCP added at 37 mins into procedure. (P* < 0.05, P** < 
0.005).   
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structure with high resolution spinning disk confocal microscopy. The worms were grown on control plates with 
EV(RNAi), 1 mM 3HAA in the plates with EV(RNAi), plates with haao-1(RNAi), or plates with kynu-1(RNAi). 
Pictures were taken at day 2 (Figure 5A) and day 7 (Figure 5B ) like the previou s oxygen consumption 
experiments. The day 2 adulthood worms did not show difference in mitochondrial volume between the control 

and any of the conditions shown (p > 0.05) (Figure 5C). There are significant increases in sphericity of the 
mitochondria between the control and 1 mM 3HAA supplemented, haao-1(RNAi) and kynu-1(RNAi) treated 
worms with the treated worms having a higher sphericity than the control (P*** < 0.001, P**** < 0.0001). It is 
speculated that RNAi machinery must be built up inside the system of the worms to take effect. Another 
possibility to explain the lack of difference in day 2 adulthood worms is that the haao-1 and kynu-1 genes are 
not active early in life or development, so knocking them down would not alter the physiology of the worms. 
Day 7 worms did show significant results in both volume and sphericity (Figure 5E and F). The mitochondrial 
volume of day 7 adult worms was significantly smaller for all treated conditions compared to the control (P** < 
0.005, P*** < 0.001, P**** < 0.0001) (Figure 5E). The haao-1(RNAi) and kynu-1(RNAi) treated worms exhibit 
more spherical mitochondria than the control EV(RNAi) fed worms (P**** < 0.0001) (Figure 5F). The pictures 
between the control worms and the haao-1 RNAi fed worms shows the most apparent difference (Figure 5B). 
There is a bimodal distribution of sphericity for EV, 1 mM 3HAA on EV, and kynu-1 RNAi, but there is a single 
normal distribution for haao-1 RNAi (Figure 5F). The overall shrinkage of size and more morphologically 

I. 

I. II.

I. 

IV. 

A. 

B. 

Figure 5. Mitochondria decrease in volume and increase in sphericity when kynurenine pathway is modulated. A-
B. 40x confocal fluorescent pictures of mitochondrial networks in worms. A. Day 2 adult worms. B. Day 7 adult 
worms. C-F. Data analysis of A-B. C and E. Mesh volume of mitochondria. D and F. Mesh sphericity of 
mitochondria. (P*** < 0.001, P**** < 0.0001). 
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spherical mitochondria are signs that the dynamics of mitochondrial networks are shifting towards fission and 
away from fusion when there is a knockdown of haao-1 or kynu-1.  



13 
 
Discussion: 
 

In this project, I provide evidence that haao-1 and kynu-1 inhibition shifts mitochondria network 
structure towards fragmentation. Fragmentation of mitochondria is correlated with age in worms (3). 
Fragmentation in early- and mid-life should result in lower ATP production, higher oxidative stress, and 
mitochondrial depolarization (3). The observed decrease in mitochondrial function via oxygen consumption and 
the slow response to FCCP for haao-1 and kynu-1 knockouts or 1 mM 3HAA supplementation worms on day 2 
of adulthood demonstrates how the mitochondria respond when faced with stress of impaired mitochondrial 
function. The treated worms rescued the impairment with time as seen with day 7 adult worms, by reaching 
maximum OCR at a similar rate as the control worms. In future studies, time points after day 7 need to be 
taken for all measurements, as treated aged worms could shift the mitochondrial network back towards fusion 
when comparing control worms to treated pro-longevity worms. On the other hand, if the phenotype of 
fragmented mitochondrial network persists into old-age, that would support the idea that stunted mitochondrial 
dynamics increases lifespan in C. elegans (3). My experiments establish a correlation between lifespan 
extension and mitochondrial fragmentation in worms with altered kynurenine pathway activity. Wether the 
changes in mitochondrial morphology is mediating the positive effects on longevity is currently unknown. 
Further studies can be done with RNAi knockdown of fission promoting genes like fis-1 or drp-1 in the haao-1 
and kynu-1 knockout background to determine whether the capacity for mitochondrial fission is required for the 
observed effects on O2 consumption and mitochondrial dynamics. Longevity studies with fission knockdowns 
can be done in tandum to explore the causal role of mitochondrial fission in between haao-1 and kynu-1 
longevity and mitochondrial dynamics.   

 Mitochondrial dysfunction is linked to aging (1). Mitochondria are also intimately involved in  
intracellular stress because they are a major source of reactive oxygen species (ROS) produced by oxidatative 
phosphorylation (OXPHOS). The famous 
saying by Paracelsus goes “Soley the dose 
determines that a thing is not poison” for 
cellular stress. Hormesis is a concept in 
which a small amount of stress will activate 
the relevant stress-response pathways and 
increase resistance when the stress is 
presented again later in life. When this 
stress is applied by the mitochondria, it is 
known as mitohormesis. Stress stemming 
from the increased OXPHOS will result in 
fragmented mitochondria, increasing 
singalling for recovery and therefore will 
undergo quality control measures (16,17). 
One quality control method that cells employ 
to combat mitochondrial stress is 
mitochondrial autophagy, or mitophagy. By 
recycling dysfunctional mitochondria, the 
most robust and effective mitochondria will 
remain in the cells, making the cells more 
stress resistant (18). According to related 
studies in our lab, inhibting haao-1 in worms 
also increases expression of skn-1/NRF2, 
an oxidative stress response transcription 
factor. One effect of SKN-1 is enhancement 
of mitochondrial biogenesis and mitophagy 

Figure 6. Working model for mitochondrial fragmentation and 
increased longevity. 
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via dct-1/BNIP3 induction, a mitochondrial membrane protein that undergoes ubiquitination during mitophagy, 
providing a potential mechanistic link between haao-1 and kynu-1 inhibition and mitochondrial recycling that 
increase stress response (19). A next step for determining whether haao-1 and kynu-1 induce mitophagy 
would be to measure mRNA degradation rate via a SLAMseq assay of dct-1 or to observe mitophagy using 
colocalization of lysosomes and mitochondria in three-dimesnional space. 

The importance of NAD+ in aging is in need of further study. Increased NAD+ concentration via NAD+ 
precursors NR and NAM have been reported to increase lifespan in C. elegans by 22% and 16% respectively 
(10). Our lab observes the supplementing worms with 3HAA, which should in principle elevate NAD+ increases 
C. elegans lifespan by 22% (7). In line with this observation, Altering the knocking down acsd-1 has been 
reported to increase lifespan, and this increase was attributed to increased NAD+ (15). In contrast, we find that 
knocking down tdo-2, haao-1, or kynu-1 also increases lifespan by 20-30%, but should decrease the NAD+ 
pool (7). We have attempted to replicate lifespan extension by supplementing worms with NAD+ or NAD+ 
precursors (NAM, NR, NA) but have been unable to consistently reproduce lifespane extension (data not 
shown). Supplementation of NAD precursors has been observed in mice, but only one instance of lifespan 
extension is reported (20). A possible avenue of further study will be to supplement NAD+ with worms that have 
a RNAi knockdown of kynurenine pathway enzymes like HAAO and KYNU and expect to see a further 
increase in longevity than compared to each treatment independently. NAD+ recycling via Preiss-Handler or 
salvage pathway may be responsible for the compensation when de novo synthesis of NAD+ by the kynurenine 
pathway is inhibited. Blocking or knocking down the genes that encode the proteins that regulate NAD+ 
recycling either in the Presiss-Handler or salvage pathway in conjunction with kynurenine pathway inhibition 
will determine which recylcing pathway is necessary for lifespan extension. The role of NAD+

 in longevity 
interventions targeting kynurenine metabolism is clearly complex, and futher study will be needed to fully 
understand the relatioship. 
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