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Abstract 
The geroscience hypothesis suggests that addressing the fundamental mechanisms driving aging biology will prevent or mitigate the onset of 
multiple chronic diseases, for which the largest risk factor is advanced age. Research that investigates the root causes of aging is therefore of 
critical importance given the rising healthcare burden attributable to age-related diseases. The third annual Midwest Aging Consortium sympo-
sium was convened as a showcase of such research performed by investigators from institutions across the Midwestern United States. This 
report summarizes the work presented during a virtual conference across topics in aging biology, including immune function in the lung—par-
ticularly timely given the Corona Virus Immune Disease-2019 pandemic—along with the role of metabolism and nutrient-regulated pathways in 
cellular function with age, the influence of senescence on stem cell function and inflammation, and our evolving understanding of the mecha-
nisms underlying observation of sex dimorphism in aging-related outcomes. The symposium focused on early-stage and emerging investigators, 
while including keynote presentations from leaders in the biology of aging field, highlighting the diversity and strength of aging research in the 
Midwest.
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In order to leverage the respective strengths of different pro-
grams, centers, and institutions of aging across the Midwestern 
region to accelerate basic and translational geroscience, and 
to provide a strong training environment for postdoctoral fel-
lows and graduate students, the Midwest Aging Consortium 
(MAC) was organized in 2019 (https://midwestagingconsor-
tium.org/). The MAC now spans 8 states in the midwestern 
United States and includes the Mayo Clinic, the Universities 
of Wisconsin-Madison, Minnesota, Iowa, Michigan, Illinois-
Chicago, and North Dakota, and Iowa State University, 
Southern Illinois University, Indiana University-Bloomington, 

the Ohio State University, Wayne State University, Kansas 
State University, Northwestern University, and Xavier 
University. Due to the ongoing COVID-19 pandemic, the 
MAC’s third annual meeting took place virtually on April 
1, 2022. The meeting was jointly organized by Dr. Timothy 
Rhoads of the University of Wisconsin-Madison and Dr. 
Maria M. Mihaylova of the Ohio State University and con-
sisted of 10 short talks by early-career investigators and post-
doctoral researchers, bookended by 2 keynote lectures given 
by Dr. Scott Budinger of Northwestern University and Dr. 
Malene Hansen of the Buck Institute for Research on Aging. 
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This report will summarize the talks presented at the Third 
Annual Symposium of the MAC.

The meeting also hosted a panel discussion for research-
ers of all career stages on how to prepare for the next step 
in their career, including advice on finding postdoctoral or 
faculty positions, transitions between positions, negotiation 
strategies, interviewing candidates, managerial concerns for 
principal investigators, and establishing a niche in a new 
environment.

Immune Changes in the Lung
To begin the symposium, Dr. Scott Budinger, a Professor from 
Northwestern University, presented his studies on SARS-
CoV2 pneumonia, with a special focus on the role of alveolar 
macrophages. To determine what differentiates SARS-CoV2 
pneumonia from other types of pneumonia, his group col-
lected bronchoalveolar lavage (BAL) samples from patients 
with respiratory failure due to various types of pneumo-
nia and analyzed them using flow cytometry and bulk and  
single-cell RNA sequencing (1,2). His group found that alve-
olar macrophages from patients with SARS-CoV2 harbor or 
are infected with the virus. Macrophages infected with the 
virus had a distinct transcriptomic profile that suggested a 
response to IFNγ and the release of chemokines involved in 
the recruitment of T cells and monocyte-derived alveolar mac-
rophages. These findings informed a model for SARS-CoV2 
pneumonia where persistent alveolar inflammation is driven 
by self-sustaining circuits between activated T cells releasing 
IFNγ and tissue resident and monocyte-derived alveolar mac-
rophages harboring virus. This inflammatory signaling circuit 
persists until the virus is cleared (3). They further suggest 
that alveolar macrophages harboring the virus may carry the 
virus across the lung, via a recently recognized mechanism 
involving the movement of macrophages through the pores 
of Khon, overcoming the sparse expression of ACE2 in the 
alveolus. This model explains the prolonged clinical course 
observed in patients with SARS-CoV2 pneumonia relative to 
patients with pneumonia secondary to other pathogens.

Dr. Luisa Morales-Nebreda from Northwestern University 
continued the discussion of the lung’s response to viral infec-
tion. Severe viral pneumonia can result in disruption of the 
alveolar epithelial and capillary membranes, leading to hyper-
filtration of inflammatory molecules, alveolar flooding, and 
refractory hypoxemia (4). Aside from their well-established 
role in mediating homeostasis of peripheral immune toler-
ance, regulatory T (Treg) cells orchestrate tissue inflamma-
tion resolution and promote tissue regeneration (5). As with 
humans, aged mice are more susceptible to influenza-induced 
mortality and have greater levels of lung inflammation. Using 
heterochronic adoptive Treg cell transfer experiments, Dr. 
Morales–Nebreda demonstrated that aged Tregs exhibit a 
cell-autonomous impairment in their ability to resolve lung 
injury and promote tissue repair following influenza pneumo-
nia. Transcriptional profiling of aged Treg cells demonstrated 
both a loss of reparative function and a gain of maladaptive 
proinflammatory programs with age. Specifically, aged Treg 
cells expressed lower levels of pro-reparative molecules (eg, 
amphiregulin and IL-10), while upregulating proinflamma-
tory transcription factors and cytokines (eg, Tbx21, Rorγt, 
Ifn-γ, Il-17). Notably, the epigenomic analysis showed that 
the prorecovery transcriptional response to influenza pneu-
monia was regulated by DNA methylation, suggesting that 

age-specific cumulative changes in methylation patterning can 
alter a Treg cell’s tissue-protective function.

Metabolic Programs Affected by Aging
The second keynote talk of the day, given by Dr. Malene 
Hansen of the Buck Institute for Research on Aging, high-
lighted the importance of autophagy for healthy aging. 
Autophagy is a cellular recycling process that normally 
declines with aging and age-related disorders (6), and is 
required for enhanced lifespan paradigms such as dietary 
restriction or fasting regimens (7). Recent work in the Hansen 
laboratory has focused on the directionality of the autoph-
agy process—cargo to be degraded through autophagic 
means is picked up in the cell periphery and sequestered into  
double-membrane structures called autophagosomes. These 
are transported to and fuse with acidic lysosomes which 
cluster near the nucleus for the degradation of the cargo. Dr. 
Hansen showed that the localization of autophagosomes is 
dependent on the phosphorylation of the autophagy protein 
LC3B/Atg8, which influences the directionality of autopha-
gosome movement along microtubules in polarized neurons 
(8). This study, along with others, has inspired the investiga-
tion of potential noncanonical functions for LC3B/Atg8 in 
autophagy outside of lysosomal degradation, for example in 
secretion. Specifically, Dr. Hansen discussed an unpublished 
study done in the nematode Caenorhabditis elegans, where 
knockdown of early-acting autophagy genes in neurons 
extended lifespan, improved proteostasis, and also increased 
the formation of exopheres, which are large vesicles extruded 
from neurons. Interestingly, these phenotypes were dependent 
on the autophagy gene ATG-16.2 and could be rescued by 
overexpression of full-length ATG-16.2, but not ATG-16.2 
lacking a functional WD40 domain. Atg16 is a key protein 
important for the conjugation of LCB3/Atg8 to intracellular 
membranes, and its WD40 domain is required for noncanon-
ical functions for autophagy in mammalian cells; this study, 
therefore, highlights the possibility that noncanonical func-
tions may be relevant to longevity (https://www.biorxiv.org/
content/10.1101/2022.12.12.520171v1).

Dr. Charles Najt of the University of Minnesota pre-
sented a model of lipid metabolism that is also dependent on  
autophagy-related mechanisms. One means by which organ-
isms respond to changes in nutrient availability is through the 
storage or release of lipids from lipid droplets, which must 
be transported to the mitochondria for utilization (9). The 
previously held theory of this transport mechanism was that 
of a direct transfer model—mitochondria are positioned to 
directly accept fatty acids by attachment to the surface of 
lipid droplets (10). However, Dr. Najt and his group have 
proposed a new model for lipid transport in which fatty acids 
are released from the lysosome to the outside of the cell and 
then taken up again either into lipid droplets or mitochondria 
not attached to the lipid droplet surface. To validate these 
findings, they developed a protocol to isolate mitochondria 
from different locations in the cell, including cytosolic mito-
chondria and lipid droplet (ie, peri-droplet) mitochondria. 
Using stable isotope labeling, they found that fatty acids were 
primarily taken up by cytosolic mitochondria, not the lipid 
droplet-associated mitochondria. Cytosolic mitochondria 
were also found to have increased expression of fatty-acid 
import proteins, and increased activity of electron transport 
complexes I, II, and IV. Thus, Dr. Najt proposed that there 
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are distinct differences in function between mitochondria of 
unique cellular sublocalizations. This work was recently pub-
lished in Cell Reports (11).

The importance of proper communication between organ-
elles was further discussed by Dr. Hua Bai, an Associate 
Professor at Iowa State University, who presented work on 
the crosstalk between mitochondria and the peroxisome. 
The peroxisome, too, is involved with lipid anabolism, fatty 
acid catabolism, and reactive oxygen species (ROS) metabo-
lism, and its dysfunction can lead to elevated oxidative and 
endoplasmic reticulum (ER) stress, dysregulated lipid metab-
olism, mitochondrial dysfunction, and apoptosis (12). With 
aging, the number of peroxisomes in the cell is unchanged, 
yet the import of matrix enzymes into the peroxisome, a 
process dependent on the Pex5 receptor, is impaired. In aged 
Drosophila, impaired peroxisomal import results in the 
induction of the cytokines Upd3 (fly homolog of mammalian 
IL-6), culminating in arrhythmia (13). Normal peroxisome 
biogenesis requires the recycling of Pex5 from the membrane 
back to the cytosol through its ubiquitination, but this turn-
over is also decreased with aging. To counter these effects, 
Dr. Bai found that overexpression of Pex5 in the Drosophila 
oenocytes (liver-like tissue) led to a rescue of matrix enzyme 
import into peroxisomes, downregulation of Upd3, preserved 
cardiac function, and ultimately longer survival. Dr. Bai also 
demonstrated that the peroxisome can influence mitochon-
drial fission, where a knockdown of Pex5 led to impaired 
fission as evidenced by enlarged and less functional mitochon-
dria. The phenotype could be rescued by supplementing flies 
with plasmalogen, an ether phospholipid that is synthesized 
in peroxisomes the levels of which are decreased with age, 
illustrating how proper peroxisome function is tied to mito-
chondrial function.

Inhibition of mTORC1 by rapamycin has been repeat-
edly shown to delay age-related pathologies and extend 
lifespan in diverse model systems (14). Dr. Adam Konopka, 
an Assistant Professor from the University of Wisconsin-
Madison, presented a high-level overview of the Everolimus 
Aging Study (EVERLAST), the first NIA-funded clinical trial 
testing whether mTORC1 inhibition by the rapalog everoli-
mus can safely improve multiple physiological and molecular 
hallmarks of aging in humans. In this double-blinded, phase 
II trial, the investigative team will use a “double-dummy 
design” to randomize (1:1:1) insulin-resistant, older adults 
(n = 72; 55–80 years) to 1 of 3 groups: (1) once daily 0.5 
mg everolimus and once weekly placebo, (2) a once daily 
placebo and once weekly 5 mg everolimus, and (3) a once 
daily placebo and once weekly placebo. They plan to per-
form deep phenotyping to determine if mTORC1 inhibition 
by everolimus can improve or preserve multiple measures of 
physiological function, including metabolic function (periph-
eral insulin sensitivity, glucose tolerance, glycemic variabil-
ity, and hepatic insulin sensitivity), cognitive function (micro 
and macro vessel cerebral blood flow, learning, and mem-
ory), cardiac function (fractional shortening, E/A ratio, ejec-
tion fraction, etc.), and physical function (VO

2max, maximal 
knee extensor power and strength, body composition). In 
addition, multi-omics of blood and/or skeletal muscle biopsy 
samples will be performed to evaluate mechanisms by which 
everolimus alters several biological hallmarks of aging and 
determine if everolimus can partially restore the biology of 
aging toward a young healthy control group (n = 14; 18–35 
years old). Finally, EVERLAST will explore if mTORC1 

inhibition by everolimus alters the senescence-associated 
secretory phenotype (SASP) and proposed biomarkers of 
aging in saliva, urine, blood, and/or skeletal muscle. By the 
completion of this trial, they aim to understand if the potent 
geroprotective effects of mTORC1 inhibition can be safely 
exploited for the treatment and prevention of age-related 
diseases in humans and inform on the design of a multisite, 
phase III clinical trial.

Senescence and Stem Cells
Muscle stem cells, also known as satellite cells, are responsible 
for tissue growth and maturation, as well as repair following 
injury. In the adult, these stem cells exist in a quiescent state. 
Upon injury they rapidly exit quiescence, activate, prolifer-
ate, and differentiate to repair the muscle fiber. A subset of 
the satellite cells return to quiescence to repopulate the stem 
cell population (15). Dr. Susan Eliazer, an Assistant Professor 
at the University of North Dakota, showed that Wnt4 from 
the muscle fiber niche is required for maintaining the sat-
ellite cells in a quiescent state. Genetic deletion of Wnt4 in 
muscle fibers caused an increase in the number of stem cells, 
and the stem cells were in an activated state at tissue homeo-
stasis. She also demonstrated that injury in the muscle tissue 
after the loss of Wnt4 led to a more rapid repair response by 
the stem cells. Wnt4 in the muscle fibers activated RhoA in 
the quiescent satellite cells, which maintained the mechano- 
properties of the cell. Deletion of Wnt4 caused changes to the 
stem cell morphology, leading to a more rounded, softer shape 
that allowed for movement of the stem cells out of their nor-
mal location in the niche, into the interstitial space between 
the muscle fibers (16). With age there is an increase in Rho 
activity and an increase in the stiffness of stem cells, leading to 
an impaired ability of aged stem cells to repair injured tissue 
that is improved following Wnt4 deletion in aged mice.

Accumulation of senescent cells with aging is also tied to 
the secretion of inflammatory cytokines, proteases, and other 
immune modulators, called the SASP (17). Development of 
the SASP is dependent on mitochondria (18), which are dys-
functional in senescent cells as illustrated by increased ROS, 
and decreased membrane potential, energy production, and 
fission (19). Under stress conditions, proapoptotic proteins 
form pores in the membranes of the mitochondria, resulting in 
the release of mitochondrial DNA (mtDNA) into the cytosol 
(20,21), which binds to cGAS, toll-like receptor 9 (TLR9), or 
proteins of the inflammasome, activating pro-inflammatory 
pathways. Dr. Stella Victorelli, a postdoctoral fellow from 
the Mayo Clinic, showed that a subset of mitochondria in 
senescent cells undergo mitochondrial outer membrane per-
meabilization (MOMP) without inducing cell death, a process 
known as minority MOMP (miMOMP). During miMOMP, 
BAX/BAK pores form in the outer mitochondrial membrane, 
allowing the release of mtDNA into the cytosol. Senescent 
cells were shown to exhibit BAX/BAK-dependent leakage of 
mtDNA into the cytosol, which colocalizes with mitochon-
drial transcription factor A (TFAM). Pharmacological inhi-
bition of BAX or genetic deletion in senescent cells reduced 
cytosolic mtDNA and the SASP in vitro and in sub-lethally 
irradiated mice. Importantly, aged mice treated with a BAX 
inhibitor showed improved balance, grip strength, lower 
frailty index, and less age-related bone loss, demonstrating 
that amelioration of the miMOMP-driven SASP can help mit-
igate the development of aging-associated deficits.
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Sex-based and Generational Influences on 
Aging
Organisms have both acute and chronic defenses against 
stress, characterized by either rapid, anabolic responses 
or more dormant, catabolic responses respectively. Acute 
responses may also create a preconditioned state that pro-
vides advanced protection against subsequent stresses and 
may even be passed on to offspring. Dr. Veena Prahlad, an 
Associate Professor from The University of Iowa, presented 
work on the ability of heat shock factors in C. elegans to 
provide such kinds of cephalic mechanisms of protection, that 
is, protection prior to a perturbation (22,23). Following heat 
shock, adult animals were protected from protein aggregation 
by the activation of heat shock factor 1 (HSF-1). Offspring 
from stressed mothers, in turn, were more likely to survive 
their own heat shock stress and demonstrated decreased pro-
tein aggregation. Dr. Prahlad sought to identify the means of 
passing on this protective mechanism between generations 
and found that HSF-1 in germ cells was able to recruit MET-2 
to place repressive H3K9me2 marks on its own target genes, 
including the insulin receptor daf-2, following heat stress. 
When these marks were passed on to progeny, the offspring 
preferentially decreased insulin-like signaling as a means of 
thermotolerance, instead of utilizing a chaperone-mediated 
mechanism. This allowed for a means of transferring infor-
mation regarding stress exposure and responses between 
parents and offspring through epigenetic memory (24). For 
poorly understood reasons, stress responses are activated at 
widely varying thresholds even between genetically identical 
individuals. The increase in H3K9me2 at HSF-1 target genes 
following initial stress exposure provides one mechanism 
by which the threshold of stress can be set based on prior 
experience.

Additional work on the 2-way relationship between par-
ents and progeny has led to the question of whether it is 
maternal physiology that affects the determination of fetal 
sex, or vice versa. As an example of the former, the Trivers–
Willard hypothesis states that the sex ratio of offspring tends 
to be biased toward males when the condition of the parents 
is good, but that there is a bias toward female offspring when 
the condition of the parents is poor due to the fact that females 
are more likely to continue reproducing and males are likely 
to be outcompeted (25). To the point of the former instance in 
which fetal sex may affect maternal physiology in an example 
of fetal drive (26), recent work has shown that the risk of con-
ditions such as diabetes and pre-eclampsia is associated with 
fetal sex (higher with males), as well as changes that occur in 
breast milk or circumference (27,28). Dr. Colby Vorland of 
Indiana University-Bloomington presented an ongoing study 
conducted by his group utilizing dairy cows, a model with a 
number of advantages including a similar gestational period 
to humans, typically single offspring births, and easier manip-
ulation of fetal sex through the use of sex-sorted semen than 
other species. Dr. Vorland and colleagues were thus able to 
causally test the influence of fetal sex on maternal physiol-
ogy by randomizing the assignment of fetal sex via sex-sorted 
semen implantation and measuring glucose-related outcomes 
during gestation. Future results will include physiological 
readouts such as glucose tolerance in order to provide insight 
into the effect of sex determination on maternal health.

To examine the larger differences seen between males and 
females with aging, Dr. Rong Yuan from Southern Illinois 

University, presented his work identifying genes associated 
with longevity using quantitative trait locus mapping. One 
such example was IGF1, which is known to regulate female 
sexual maturation and longevity in mice (29). The evolution-
ary theory of aging suggests that there is a tradeoff between 
reproduction and aging in females, such that females who 
become sexually mature later in life will have a longer lifes-
pan. This led Dr. Yuan to examine if there is an inverse rela-
tionship between IGF1 levels and lifespan, and indeed he 
found that females have longer maximum lifespans with 
lower IGF1 levels, while the opposite was true of males, who 
had higher levels of IGF with longer maximum lifespan (30–
32). When they performed genome-wide association studies 
for genes involved with age of reproductive maturation, they 
identified NRIP1, which is essential for reproductive ability 
and may also be involved with autophagy, senescence, breast 
cancer, and inflammatory diseases (29,33–36). Deletion of 
Nrip1 leads to increased lifespan in females only, once again 
illustrating how female reproduction and lifespan are inter-
connected (36).

Conclusion
The 2022 MAC symposium showcased the strong aging biol-
ogy research programs from a variety of institutions across 
the Midwest. Speakers represented the University of Iowa, 
Iowa State University, Northwestern University, University of 
North Dakota, University of Wisconsin-Madison, University 
of Minnesota, Mayo Clinic, Indiana University, Southern 
Illinois University, and the Buck Institute. In addition, 24 
posters were presented virtually from these universities, cen-
ters, and institutes, and others including representation from 
almost all MAC constituent institutions. As evidenced by the 
diverse areas of aging biology covered and the deep roster 
of early career researchers affiliated, the MAC is poised to 
make substantial contributions to our understanding of aging 
biology and potentially begin to address some of the root 
mechanisms and develop treatments for chronic age-related 
diseases. The success of this year’s symposium also builds on 
previous symposia and meetings in highlighting the growing 
array of affiliated institutions, with 15 and counting, provid-
ing evidence that aging research thrives even in regions of the 
country that have traditionally received less research infra-
structure investment (37,38). Clearly, the MAC is home to 
exceptionally talented investigators and cutting-edge aging 
biology research.

Funding
The Bai lab is supported in part by NIH/NIA (R01 AG058741) 
and NSF (CAREER 2046984). The Budinger lab is support-
ed by NIH/NIA (P01AG049665). The work from the Eliazer 
lab is supported by NIH/NIGMS (P20GM104360). The work 
discussed by the Hansen lab was supported by NIH/NIA (R01 
AG028664 and K99 AG062774 to J.N.-T.), NIH/NIGMS 
(R01 GM117466), and a Breakthrough in Gerontology (BIG) 
Award from the American Federation for Aging Research. 
The work discussed by the Konopka lab is supported in part 
by the NIH/NIA (U01 AG076941, R21 AG067464) and NIH/
NCATS (UL1 TR002373), Impetus Longevity Grant by the 
Norn Group, startup and other funds from the Department of 
Medicine within the University of Wisconsin-Madison School 

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article/79/2/glad239/7296490 by guest on 09 February 2025



The Journals of Gerontology, Series A: Biological Sciences and Medical Sciences, 2024, Vol. 79, No. 2 5

of Medicine and Public Health. The Morales-Nebreda lab is 
supported by the Parker B. Francis Opportunity Award, NIH/
NHLBI (K08HL15935), and NIH/NIAID (U19AI135964). 
The work discussed by C.P.N. was supported by NIH/
NIA (K99AG070104 and T32AG029796) and the AHA 
(20POST35180115). The Prahlad lab is supported by NIH/
NIA (R01AG050653 and R21AG073416). The work dis-
cussed by S.V. from the Passos lab was supported by NIH/
NIA (R01AG068048), and NIH/NCI (UG3CA268103) 
and a Robert and Arlene Kogod Center on Aging Career 
Development Award. C.J.V. is supported in part by NIH/NIA 
(U24 AG056053 and P30 AG050886). The Yuan lab is sup-
ported by NIH/NIA (K01AG046432 and R03AG046605). 
The Rhoads lab is supported in part by the NIH/NIA (R03 
AG070686), and startup funds from the Department of 
Nutritional Sciences, the College of Agricultural and Life 
Sciences, and the Office of the Vice Chancellor for Research 
and Graduate Education at the University of Wisconsin-
Madison with funding from the Wisconsin Alumni Research 
Foundation. The Mihaylova lab is supported in part by the 
NIH/NIA (R00 AG054760), Office of the NIH Director (DP2 
CA271361), the American Federation of Aging Research, and 
startup funds from The Ohio State Comprehensive Cancer 
Center.

Conflict of Interest
None.

References
1.	 Budinger GRS, Misharin AV, Ridge KM, Singer BD, Wunderink 

RG. Distinctive features of severe SARS-CoV-2 pneumonia. J 
Clin Invest. 2021;131(14):e149412. https://doi.org/10.1172/
JCI149412

2.	 Grant RA, Morales-Nebreda L, Markov NS, et al.; NU SCRIPT 
Study Investigators. Circuits between infected macrophages and T 
cells in SARS-CoV-2 pneumonia. Nature. 2021;590(7847):635–
641. https://doi.org/10.1038/s41586-020-03148-w

3.	 Neupane AS, Willson M, Chojnacki AK, et al. Patrolling alveolar 
macrophages conceal bacteria from the immune system to main-
tain homeostasis. Cell. 2020;183(1):110–125.e11. https://doi.
org/10.1016/j.cell.2020.08.020

4.	 Herold S, Becker C, Ridge KM, Budinger GS. Influenza virus- 
induced lung injury: pathogenesis and implications for treatment. 
Eur Respir J. 2015;45(5):1463–1478. https://erj.ersjournals.com/
content/45/5/1463

5.	 Sharma A, Rudra D. Emerging functions of regulatory T cells 
in tissue homeostasis. Front Immunol. 2018;9:883. https://doi.
org/10.3389/fimmu.2018.00883

6.	 Nieto-Torres JL, Hansen M. Macroautophagy and aging: The impact 
of cellular recycling on health and longevity. Mol Aspects Med. 
2021;82:101020. https://doi.org/10.1016/j.mam.2021.101020

7.	 Hansen M, Rubinsztein DC, Walker DW. Autophagy as a promoter 
of longevity: Insights from model organisms. Nat Rev Mol Cell 
Biol. 2018;19(9):579–593. https://doi.org/10.1038/s41580-018-
0033-y

8.	 Nieto-Torres JL, Shanahan SL, Chassefeyre R, et al. LC3B phos-
phorylation regulates FYCO1 binding and directional transport of 
autophagosomes. Curr Biol. 2021;31(15):3440–3449.e7. https://
doi.org/10.1016/j.cub.2021.05.052

9.	 Olzmann JA, Carvalho P. Dynamics and functions of lipid drop-
lets. Nat Rev Mol Cell Biol. 2019;20(3):137–155. https://doi.
org/10.1038/s41580-018-0085-z

10.	Wang J, Fang N, Xiong J, Du Y, Cao Y, Ji WK. An ESCRT-dependent  
step in fatty acid transfer from lipid droplets to mitochondria  

through VPS13D-TSG101 interactions. Nat Commun. 
2021;12(1):1252. https://doi.org/10.1038/s41467-021-21525-5

11.	Najt CP, Adhikari S, Heden TD, et al. Organelle interactions 
compartmentalize hepatic fatty acid trafficking and metabo-
lism. Cell Rep. 2023;42(5):112435. https://doi.org/10.1016/j.cel-
rep.2023.112435

12.	Kim J, Bai H. Peroxisomal stress response and inter-organelle com-
munication in cellular homeostasis and aging. Antioxidants (Basel). 
2022;11(2):192. https://doi.org/10.3390/antiox11020192

13.	Huang K, Miao T, Chang K, et al. Impaired peroxisomal import 
in Drosophila oenocytes causes cardiac dysfunction by inducing 
upd3 as a peroxikine. Nat Commun. 2020;11(1):2943. https://doi.
org/10.1038/s41467-020-16781-w

14.	Mannick JB, Lamming DW. Targeting the biology of aging with 
mTOR inhibitors. Nat Aging. 2023;3(6):642–660. https://doi.
org/10.1038/s43587-023-00416-y

15.	Relaix F, Bencze M, Borok MJ, et al. Perspectives on skeletal muscle 
stem cells. Nat Commun. 2021;12(1):692. https://doi.org/10.1038/
s41467-020-20760-6

16.	Eliazer S, Muncie JM, Christensen J, et al. Wnt4 from the niche 
controls the mechano-properties and quiescent state of muscle 
stem cells. Cell Stem Cell. 2019;25(5):654–665.e4. https://doi.
org/10.1016/j.stem.2019.08.007

17.	Coppé JP, Desprez PY, Krtolica A, Campisi J. The senescence- 
associated secretory phenotype: The dark side of tumor suppres-
sion. Annu Rev Pathol. 2010;5:99–118. https://doi.org/10.1146/
annurev-pathol-121808-102144

18.	Correia-Melo C, Marques FD, Anderson R, et al. Mitochondria are 
required for pro-ageing features of the senescent phenotype. EMBO 
J. 2016;35(7):724–742. https://doi.org/10.15252/embj.201592862

19.	Chapman J, Fielder E, Passos JF. Mitochondrial dysfunction 
and cell senescence: Deciphering a complex relationship. FEBS 
Lett. 2019;593(13):1566–1579. https://doi.org/10.1002/1873-
3468.13498

20.	McArthur K, Whitehead LW, Heddleston JM, et al. BAK/BAX 
macropores facilitate mitochondrial herniation and mtDNA efflux 
during apoptosis. Science. 2018;359(378):eaao6047. https://doi.
org/10.1126/science.aao6047

21.	Riley JS, Tait SW. Mitochondrial DNA in inflammation and immu-
nity. EMBO Rep. 2020;21(4):e49799. https://doi.org/10.15252/
embr.201949799

22.	Das S, Ooi FK, Cruz Corchado J, Fuller LC, Weiner JA, Prahlad 
V. Serotonin signaling by maternal neurons upon stress ensures 
progeny survival. Elife. 2020;9:e55246. https://doi.org/10.7554/
eLife.55246

23.	Tatum MC, Ooi FK, Chikka MR, et al. Neuronal serotonin release 
triggers the heat shock response in C. elegans in the absence of 
temperature increase. Curr Biol. 2015;25(2):163–174. https://doi.
org/10.1016/j.cub.2014.11.040

24.	Das S, Min S, Prahlad V. Gene bookmarking by the heat shock 
transcription factor programs the insulin-like signaling pathway. 
Mol Cell. 2021;81(23):4843–4860.e8. https://doi.org/10.1016/j.
molcel.2021.09.022

25.	Trivers RL, Willard DE. Natural selection of parental ability to 
vary the sex ratio of offspring. Science. 1973;179(4068):90–92. 
https://doi.org/10.1126/science.179.4068.90

26.	Liu N, Archer E, Srinivasasainagendra V, Allison DB. A statistical 
framework for testing the causal effects of fetal drive. Front Genet. 
2014;5:464. https://doi.org/10.3389/fgene.2014.00464

27.	Broere-Brown ZA, Adank MC, Benschop L, et al. Fetal sex and 
maternal pregnancy outcomes: A systematic review and meta- 
analysis. Biol Sex Differ. 2020;11(1):26. https://doi.org/10.1186/
s13293-020-00299-3

28.	 Jaskolka D, Retnakaran R, Zinman B, Kramer CK. Sex of the baby 
and risk of gestational diabetes mellitus in the mother: A systematic 
review and meta-analysis. Diabetologia. 2015;58(11):2469–2475. 
https://doi.org/10.1007/s00125-015-3726-1

29.	Yuan R, Meng Q, Nautiyal J, et al. Genetic coregulation of age 
of female sexual maturation and lifespan through circulating 

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article/79/2/glad239/7296490 by guest on 09 February 2025

https://doi.org/10.1172/JCI149412
https://doi.org/10.1172/JCI149412
https://doi.org/10.1038/s41586-020-03148-w
https://doi.org/10.1016/j.cell.2020.08.020
https://doi.org/10.1016/j.cell.2020.08.020
https://erj.ersjournals.com/content/45/5/1463
https://erj.ersjournals.com/content/45/5/1463
https://doi.org/10.3389/fimmu.2018.00883
https://doi.org/10.3389/fimmu.2018.00883
https://doi.org/10.1016/j.mam.2021.101020
https://doi.org/10.1038/s41580-018-0033-y
https://doi.org/10.1038/s41580-018-0033-y
https://doi.org/10.1016/j.cub.2021.05.052
https://doi.org/10.1016/j.cub.2021.05.052
https://doi.org/10.1038/s41580-018-0085-z
https://doi.org/10.1038/s41580-018-0085-z
https://doi.org/10.1038/s41467-021-21525-5
https://doi.org/10.1016/j.celrep.2023.112435
https://doi.org/10.1016/j.celrep.2023.112435
https://doi.org/10.3390/antiox11020192
https://doi.org/10.1038/s41467-020-16781-w
https://doi.org/10.1038/s41467-020-16781-w
https://doi.org/10.1038/s43587-023-00416-y
https://doi.org/10.1038/s43587-023-00416-y
https://doi.org/10.1038/s41467-020-20760-6
https://doi.org/10.1038/s41467-020-20760-6
https://doi.org/10.1016/j.stem.2019.08.007
https://doi.org/10.1016/j.stem.2019.08.007
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.15252/embj.201592862
https://doi.org/10.1002/1873-3468.13498
https://doi.org/10.1002/1873-3468.13498
https://doi.org/10.1126/science.aao6047
https://doi.org/10.1126/science.aao6047
https://doi.org/10.15252/embr.201949799
https://doi.org/10.15252/embr.201949799
https://doi.org/10.7554/eLife.55246
https://doi.org/10.7554/eLife.55246
https://doi.org/10.1016/j.cub.2014.11.040
https://doi.org/10.1016/j.cub.2014.11.040
https://doi.org/10.1016/j.molcel.2021.09.022
https://doi.org/10.1016/j.molcel.2021.09.022
https://doi.org/10.1126/science.179.4068.90
https://doi.org/10.3389/fgene.2014.00464
https://doi.org/10.1186/s13293-020-00299-3
https://doi.org/10.1186/s13293-020-00299-3
https://doi.org/10.1007/s00125-015-3726-1


6 The Journals of Gerontology, Series A: Biological Sciences and Medical Sciences, 2024, Vol. 79, No. 2

IGF1 among inbred mouse strains. Proc Natl Acad Sci U S A. 
2012;109(21):8224–8229. https://www.ncbi.nlm.nih.gov/pmc/ 
articles/PMC3361401/#:~:text=IGF1%20May%20Coregulate 
%20Female%20Sexual%20Maturation%20and%20Longevity., 
longevity%20across%20many%20inbred%20strains

30.	Leduc MS, Hageman RS, Meng Q, et al. Identification of genetic 
determinants of IGF-1 levels and longevity among mouse inbred 
strains. Aging Cell. 2010;9(5):823–836. https://doi.org/10.1111/
j.1474-9726.2010.00612.x

31.	Yuan R, Musters CJM, Zhu Y, et al. Genetic differences and  
longevity-related phenotypes influence lifespan and lifes-
pan variation in a sex-specific manner in mice. Aging Cell. 
2020;19(11):e13263. https://doi.org/10.1111/acel.13263

32.	Yuan R, Tsaih SW, Petkova SB, et al. Aging in inbred strains of 
mice: Study design and interim report on median lifespans and cir-
culating IGF1 levels. Aging Cell. 2009;8(3):277–287. https://doi.
org/10.1111/j.1474-9726.2009.00478.x

33.	Aziz MH, Chen X, Zhang Q, et al. Suppressing NRIP1 inhib-
its growth of breast cancer cells in vitro and in vivo. Onco-
target. 2015;6(37):39714–39724. https://doi.org/10.18632/
oncotarget.5356

34.	Hu Y, Zhu Y, Gerber SD, et al. Deletion of Nrip1 delays skin aging 
by reducing adipose-derived mesenchymal stem cells (ADMSCs) 
senescence, and maintaining ADMSCs quiescence. Geroscience. 
2021;43(4):1815–1833. https://doi.org/10.1007/s11357-021-
00344-y

35.	Luan C, Chen X, Zhu Y, et al. Potentiation of psoriasis-like inflam-
mation by PCSK9. J Invest Dermatol. 2019;139(4):859–867. 
https://doi.org/10.1016/j.jid.2018.07.046

36.	Wang J, Chen X, Osland J, et al. Deletion of Nrip1 extends female 
mice longevity, increases autophagy, and delays cell senescence. 
J Gerontol A Biol Sci Med Sci. 2018;73(7):882–892. https://doi.
org/10.1093/gerona/glx257

37.	Green CL, Englund DA, Das S, et al. The second annual symposium 
of the Midwest Aging Consortium: The future of aging research 
in the Midwestern United States. J Gerontol A Biol Sci Med Sci. 
2021;76(12):2156–2161. https://doi.org/10.1093/gerona/glab210

38.	Murphy ME, Narasimhan A, Adrian A, et al. Metabolism in the 
Midwest: Research from the Midwest Aging Consortium at the 
49th Annual Meeting of the American Aging Association. Gero-
science. 2022;44(1):39–52. https://doi.org/10.1007/s11357-021-
00479-y

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article/79/2/glad239/7296490 by guest on 09 February 2025

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3361401/#:~:text=IGF1%20May%20Coregulate%20Female%20Sexual%20Maturation%20and%20Longevity.,longevity%20across%20many%20inbred%20strains
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3361401/#:~:text=IGF1%20May%20Coregulate%20Female%20Sexual%20Maturation%20and%20Longevity.,longevity%20across%20many%20inbred%20strains
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3361401/#:~:text=IGF1%20May%20Coregulate%20Female%20Sexual%20Maturation%20and%20Longevity.,longevity%20across%20many%20inbred%20strains
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3361401/#:~:text=IGF1%20May%20Coregulate%20Female%20Sexual%20Maturation%20and%20Longevity.,longevity%20across%20many%20inbred%20strains
https://doi.org/10.1111/j.1474-9726.2010.00612.x
https://doi.org/10.1111/j.1474-9726.2010.00612.x
https://doi.org/10.1111/acel.13263
https://doi.org/10.1111/j.1474-9726.2009.00478.x
https://doi.org/10.1111/j.1474-9726.2009.00478.x
https://doi.org/10.18632/oncotarget.5356
https://doi.org/10.18632/oncotarget.5356
https://doi.org/10.1007/s11357-021-00344-y
https://doi.org/10.1007/s11357-021-00344-y
https://doi.org/10.1016/j.jid.2018.07.046
https://doi.org/10.1093/gerona/glx257
https://doi.org/10.1093/gerona/glx257
https://doi.org/10.1093/gerona/glab210
https://doi.org/10.1007/s11357-021-00479-y
https://doi.org/10.1007/s11357-021-00479-y

