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Abstract: Cellular senescence plays a key role in mediating tissue remodeling and modulation of
host responses to pathogenic stimuli. Our current study was designed to gain a better understanding
of the impact of short-term senolytic treatment or inflammatory stimulation on lung senescence.
The results of our study demonstrate that short term treatment of aged adult mice (20 months
of age) with senolytics, quercetin, and dasatinib decreases p16 and p21 expression in lung tissue.
Short-term treatment with senolytics also significantly improved the expression of genes associated
with genomic instability, telomere attrition, mitochondrial dysfunction, DNA binding, and the
inflammatory response. In contrast, in response to low-dose LPS administration, there was increased
expression of genes associated with genomic instability, mitochondrial dysfunction, and heightened
inflammatory responses in young adult murine lung (3 months of age). Taken together, the results of
our current study illustrate the efficacy of senolytic treatment on modulating responses in aged lung
and the potential role of chronic low dose inflammation on senescence induction in the lung.
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1. Introduction

Aging Lung and Acute Respiratory Distress Syndrome (ARDS): Age-associated changes
in intrinsic mechanisms that aid in cell regeneration and repair contribute to an inability
of lung cells to maintain baseline homeostasis. ARDS, the most severe form of acute lung
injury (ALI), is a serious respiratory illness, with older patients having a higher risk for
development [1]. Severe pneumonia, a common cause for ARDS development, is also a
frequent complication of ARDS and can contribute to prolonged respiratory failure [1,2].

Role of Senescence in Lung Responses: In healthy individuals, immunosenescence
begins around age 50 and contributes to impaired vaccine responsiveness, increased suscep-
tibility to infection and autoimmunity, and chronic inflammation [3]. Cellular senescence
plays a key role in mediating tissue remodeling and modulation of host responses to
pathogenic stimuli. Previous work has demonstrated that reactive oxygen species (ROS),
endoplasmic reticulum (ER) stress, epigenetic modifications, oncogene activation, mitochon-
drial dysfunction, and radiation-induced DNA damage can contribute to senescence devel-
opment in the lung [4–8]. Senescence-associated secretory phenotype (SASP) is associated
with cellular secretions of inflammatory mediators, including cytokines, matrix remodeling
proteins, and other factors that contribute to the autocrine/paracrine cellular microenvi-
ronment of the lung [9]. A key feature of senescent cells is their longevity and resistance
to apoptosis, collectively referred to as senescent cell anti-apoptotic pathways (SCAPs).
Cellular senescence can interfere with wound healing in the lung. Inflammation-mediated
cellular senescence can decrease fibroblast proliferation and migration [10]. Conversely,
senescent lung fibroblasts can induce alveolar epithelial cell (AEC) cycle arrest, resulting in
re-epithelialization [11–13]. Recent work has highlighted a role for the aged lung microen-
vironment in modulating dysfunctional baseline and post-influenza responses in alveolar
macrophages (AM) [14]. Given the important role of tissue-resident AMs in host defense,
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catabolizing alveolar surfactant, and remodeling of injured tissue, age-associated alterations
in AM function can have a deleterious impact on lung tissue homeostasis. Changes in
AMs that occur with aging are not cell autonomous, are independent of circulating growth
factors, and are directly modified by changes in the alveolar lining fluid [14].

Therapeutic Potential of Senolytic Interventions: Senescent cells, which occur in
response to an accumulation of irreparable cellular damage occurring after stress or nat-
ural aging, can impair tissue function. Multiple senolytic drugs have been developed to
overcome apoptosis resistance in senescent cells, and therapeutic interventions have the
potential to delay features of aging. Quercetin, a natural flavonoid that binds to BCL-2, has
been shown previously to eliminate senescent vascular smooth muscle cells and endothelial
cells by inducing AMPK-mediated apoptosis, promoting mitophagy, and NRF2–NFkB
signaling [15–17]. Recent work has demonstrated that quercetin treatment can also signif-
icantly reduce pneumolysin-induced hemolytic activity and cytotoxicity, inhibit choline
kinase, and impair biofilm formation during bacterial infection [18–20]. Similarly, quercetin
has been shown to exhibit antiviral properties and can inhibit influenza A entry and
release [21–24]. Combined therapeutic intervention with quercetin and dasatinib (Q + D)
can improve cellular function in aged hosts [25–27]. Treatment with Q + D has been shown
to reduce senescent cell burden, improve physical performance, decrease proinflammatory
cytokine secretion in human adipose tissue, improve survival during microbial exposure,
and modulate the gut microbiome [27–29]. Importantly, preliminary clinical trial findings
have demonstrated that Q + D treatment in humans, in addition to being safe and well
tolerated, can significantly decrease senescent cell burden [30]. In addition, mice receiving
two, one-week apart pre-treatments of Q + D had restored differentiation of CD4+ T helper
cell populations in the lung during influenza [31]. Despite these advancements in our
current knowledge about senolytics, very little is currently known regarding the impact of
a sustained therapeutic regimen of quercetin, dasatinib, or Q + D on modulating molecular
and cellular responses in aged lung.

Our current study was designed to gain a better understanding of the impact of
short-term senolytic treatment or inflammatory stimulation on lung senescence. Results
of our study demonstrate that short-term treatment of aged adult mice with senolytics,
quercetin, and dasatinib decreases p16 and p21 expression in lung tissue. Short-term treat-
ment with senolytics significantly decreased HMGB1 levels in plasma and was associated
with improved expression of genes associated with genomic instability, telomere attrition,
mitochondrial dysfunction, DNA binding, and the inflammatory response. In contrast,
inflammation, in response to low-dose LPS administration, significantly enhanced HGMB1
levels in BAL and plasma of young adult mice. These levels were associated with increased
expression of genes associated with genomic instability, mitochondrial dysfunction, and
heightened inflammatory responses. Taken together, the results of this study illustrate the
efficacy of senolytic treatment on modulating responses in aged lung and the potential role
of chronic low dose inflammation on senescence induction in the lung.

2. Results

Our current study was designed to examine the impact of aging on senescence gene
expression in the aged lung at baseline and in response to senolytic treatment. We also
investigated the role of low-dose treatment of young mice with LPS, a pathogen associated
molecular pattern (PAMP) that binds to TLR4, on inflammation-induced senescence gene
expression in young lung.

2.1. Treatment of Aged Mice with Senolytics Reduced p16 and p21 Gene Expression in Lung

Our initial experiments were designed to examine the level of senescence present in
aged lung at baseline. For these experiments, using total lung cells from gently dissociated
lung, we investigated β-galactosidase hydryolysis by flow cytometry. When compared to
young lung cells, we observed a significant increase in β-galactosidase hydryolysis in aged
lung cells (Figure 1A,B). We next evaluated if differences in β-galactosidase hydryolysis
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were present in immune (CD45+) or non-immune (CD45−) cell populations. We observed
a significant increase in β-galactosidase hydryolysis observed in aged CD45+ lung cells
when compared to young (Figure 1C). Interestingly, we did not observe differences in
β-galactosidase hydryolysis in young and aged unstimulated CD45− lung cells (Figure 1C).
Based on efficacy in previous studies, we chose to use senolytics quercetin (Q), dasatinib
(D), and quercetin + dasatinib (Q + D) to investigate the impact of treatment on senescence
gene expression in the aged lung. For these experiments, we treated aged (20 months)
male and female BALB/c mice 3 times weekly for 4 weeks prior to isolation and analysis
of lung tissue (Figure 1D). In response to the weekly treatment, there was a significant
decrease in p16 gene expression detected in response to Q, D, and Q + D when compared
to PBS controls (Figure 1E). In response to Q + D, there was a significant decrease in
p21 gene expression quantified in aged lung (Figure 1F). We next evaluated if weekly
treatment with senolytics might modulate the expression of damage-associated molecular
pattern (DAMP) molecules, such as high mobility group box protein 1 (HMGB1). Plasma
was isolated from PBS and senolytic treated mice and HMGB1 levels were assessed. When
compared to PBS controls, weekly treatment with Q, D, and Q + D resulted in a decrease
in HMGB1 detected in plasma and BAL (Figure 1G,H). We next investigated if senolytic
treatment impacted senescence in aged lung. In response to weekly treatment, we observed
a significant decrease in β-galactosidase hydryolysis occurred in senolytic-treated mice
when compared to PBS controls (Figure 1I).
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repeated 3 times. * p < 0.05, *** p < 0.001, **** p < 0.0001. Figure 1D was prepared using BioRender. 

Figure 1. Treatment of Aged Mice with Senolytics Reduced p16 and p21 Gene Expression in Lung.
(A–C) Baseline β-galactosidase hydryolysis in lung cells isolated from young (3 months) and aged
(20 months) lung cells. (C) Lung cells were enriched for CD45, and β-galactosidase hydryolysis
was assessed in CD45+ and CD45− populations. (D) Experimental layout for senolytic treatment
regimen in aged adult BALB/c mice (20 months). Lung tissue was collected from control and treated
mice and expression of (E) p16 and (F) p21 was assessed by real-time PCR. (G) Plasma and (H) BAL
was isolated and HMGB1 was assessed. (I) β-galactosidase hydryolysis in aged lung in response to
senolytic treatment was assessed by flow cytometry. N = 6 mice per group, and the experiment was
repeated 3 times. * p < 0.05, *** p < 0.001, **** p < 0.0001. Figure 1D was prepared using BioRender.

Based on these results, we next examined if there were changes in senolytic markers
observed in unstimulated aged lung in response to PBS or senolytic treatment. As shown
in Figure 2, we observed p16 expression in immune cells present in lymphoid tissue of
the lung (2A) as well as alveolar macrophages present in the pulmonary alveoli (2B). In
response to senolytic treatment, there was a marked decrease in p16-positive cells present
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in aged lung (Figure 2A,B). Taken together, in the absence of physiological stimuli, there
was increased senescence in aged cells present in lymphoid tissue and immune cells present
in pulmonary alveoli that was reduced in response to senolytic treatment.
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Figure 2. Treatment of Aged Mice with Senolytics Reduces p16 Expression in Lung. Lung tissue was
collected from PBS-, quercetin-, dasatinib-, and quercetin + dasatinib-treated aged adult BALB/c mice
(20 months of age). Immunohistochemical staining for p16 was performed on lung tissue sections
and representative images were collected. (A) 10× and 40× images of lung lymphoid tissue and
(B) alveolar space were observed. N = 6 mice per group. Bar represents 25 µM.

2.2. Treatment of Aged Mice with Senolytics Alters Senescence Gene Expression in Aged Lung

We evaluated the impact of senolytic treatment on the expression of senescence genes
in the aged lung. For these experiments, we isolated RNA from PBS and senolytic-treated
lung and assessed gene expression by real-time PCR. In response to senolytics, there was a
significant decrease in genes associated with genomic instability. Specifically, treatment
with each of the senolytics resulted in decreased expression of zinc metalloprotease STE24
(Zmpste24) and mitochondrial ribosomal protein L43 (Mrpl43) (Figure 3A,B). Based on
these findings, we investigated if senolytic treatment might contribute to changes in genes
associated with maintaining mitochondrial replication. Transcription of mitochondrial
DNA (mtDNA) is carried out by the mitochondrial RNA polymerase (POLRMT) and the
mitochondrial transcription factors A (TFAM) and B2 (TF2BM) [32–34]. In response to Q,
D, and Q + D treatment, there was a significant reduction in Polrmt expression that was
associated with decreased Tfam and Tfb2m induction when compared to aged lung treated
with PBS (Figure 3C–E). Transmembrane protein (TMEM) 135 has been previously shown
to regulate mitochondrial dynamics, with a disruption in expression altering the fusion–
fission balance of mitochondria [35]. Overexpression of TMEM135 can result in increased
mitochondrial fragmentation and membrane potential whereas a loss of TMEM135 can
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decrease mitochondrial membrane potential and the rate of oxygen consumption [36]. In re-
sponse to senolytic treatment, a significant decrease in Tmem135 expression was observed in
aged lung when compared to PBS controls (Figure 3F). Additional transmembrane proteins,
such as TMEM33, have been shown to function as an ER stress-inducible transmembrane
molecule that regulates expression of PERK and IRE1α [37]. Importantly, overexpression of
TMEM33 can contribute to increased downstream ER stress signaling [37]. When compared
to control, there was a significant reduction in Tmem33 gene expression in aged lung in
response to Q, D, and Q + D treatment (Figure 3G).
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Figure 3. Treatment of Aged Mice with Senolytics Alters Senescence Gene Expression in Aged Lung.
Lung tissue was collected from PBS-, quercetin-, dasatinib-, and quercetin + dasatinib-treated aged
adult BALB/c mice (20 months of age). Expressions of (A) Zmpste24, (B) Mrpl43, (C) Polrmt, (D) Tfam,
(E) Tfb2m, (F) Tmem135, and (G) Tmem33 were assessed by real-time PCR. N = 6 mice per group,
and the experiment was repeated 3 times. Young (3 months) PBS-treated lung expression analysis is
included for comparison **** p < 0.0001.

Human studies have demonstrated that increased levels of sirtuin 3 (Sirt3) have
been associated with frailty in older persons while overexpression of sirtuin 6 (Sirt6)
has been shown to inhibit the inflammatory senescence-associated secretory phenotype
(SASP) [38,39]. When compared to aged control lung, there was a significant decrease in
Sirt3 and Sirt6 expression observed in response to senolytic treatment (Figure 4A,B). We
next examined the impact of senolytic treatment on genes associated with telomere attrition.
Previous work has demonstrated that long-term overexpression of telomeric repeat binding
factors (TERF) 1 and 2 can result in progressive telomere shortening [40]. When compared
to PBS-treated lung, there was a decrease in Terf1 and Terf2 expression observed in aged
lung in response to senolytics (Figure 4C,D). We next examined the potential contribution
of senolytics on the expression of DNA binding and transcriptional regulators, such as
E1A-binding protein p300 (EP300) and zinc finger RNA-binding protein (ZFR), in aged
lung. Previous work has demonstrated a slight increase in EP300 histone acetyltransferase
activity in young and aged murine lung [41]. In response to Q, D, and Q + D treatment, we
observed a significant decrease in Ep300 expression (Figure 4E). Similarly, the expression of
Zfr was also decreased in aged lung in response to senolytic treatment (Figure 4F).
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Figure 4. Treatment of Aged Mice with Senolytics Alters Senescence Modulatory Genes in Aged
Lung. Lung tissue was collected from PBS-, quercetin-, dasatinib-, and quercetin + dasatinib-treated
aged adult BALB/c mice (20 months of age). Expressions of (A) Sirt3, (B) Sirt6, (C) Terf1, (D) Terf2,
(E) Ep300, and (F) Zfr were assessed by real-time PCR. N = 6 mice per group, and the experiment was
repeated 3 times. Young (3 months) PBS-treated lung expression analysis is included for comparison
*** p < 0.001 and **** p < 0.0001.

2.3. Senolytic Treatment of Aged Mice Alters Inflammatory Gene Expression in Aged Lung

We evaluated if senolytic treatment of aged mice might contribute to changes in in-
flammatory gene expression in aged lung. Previous work has demonstrated age-associated
changes in chemokine receptor CCR1 expression [42]. As CCR1 is critical for neutrophil re-
cruitment, we quantified Ccr1 gene expression in PBS- and senolytic-treated aged lung [43].
While similar expression of Ccr1 was observed in aged lung isolated from PBS-, Q-, and
Q + D-treated mice, there was significant decrease detected in lung of D-treated mice
(Figure 5A). C-reactive protein binds to the receptor CD64 to induce NF-κB-mediated
pro-inflammatory signaling, with excessive signaling potentially being a pathogenic mech-
anism that contributes to senescence [44]. In response to treatment with Q, D, and Q + D,
we observed a significant decrease in Cd64 expression in aged lung (Figure 5B). Pan-
nexins (PANXs), such as PANX1, play a role in paracrine and autocrine immune cell
communication [45,46]. Specifically, PANX1 channels are positive regulators of immune
cell migration in response to different mechanical and chemical signals [47]. Given the
role of PANX1 in cellular communication, we next evaluated the impact of senolytic treat-
ment on Panx1 expression in aged lung. In response to Q, D, and Q + D treatment, there
was a significant decrease in Panx1 expression detected in aged lung (Figure 5C). As toll
interacting protein (TOLLIP) has been previously shown to play an important role in
replicative senescence, we next investigated the impact of senolytics on Tollip expression
in aged lung [48]. While there was similar expression in lung isolated from PBS-, Q-, and
Q + D-treated mice, we observed a significant decrease in Tollip expression in lung isolated
mice receiving an administration of D (Figure 5D). CXCL16 is a chemokine with structural
similarity to fractalkine that expresses on the surface of antigen-presenting cells, including
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subsets of CD19+ B cells and CD14+ monocytes/macrophages [49]. In response to Q or
Q + D treatment, there was a significant decrease in Cxcl16 gene expression detected in
aged lung (Figure 5E). Interestingly, in response to D treatment, there was a significant in-
crease in Cxcl16 expression when compared to aged control lung tissue (Figure 5E). We next
investigated if treatment with senolytic compounds impacted NF-κB and p-NF-κB protein
expression. When compared to PBS-treated controls, there was a significant decrease in
NF-κB and p-NF-κB expression detected in aged lung in response to senolytic treatments
(Figure 5F,G).
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Figure 5. Senolytic Treatment of Aged Mice Alters Inflammatory Gene Expression in Aged Lung.
Lung tissue was collected from PBS-, quercetin-, dasatinib-, and quercetin + dasatinib-treated aged
adult BALB/c mice (20 months of age). Expressions of (A) Ccr1, (B) Fcgr1/CD64, (C) Panx1, (D) Tollip,
and (E) Cxcl16 were assessed by real-time PCR. Protein expression of (F) NF-κB and (G) p-NF-κB
in aged lung was assessed by PathScan ELISA. N = 6 mice per group, and the experiment was
repeated 3 times. Young (3 months) PBS-treated lung expression analysis is included for comparison.
** p < 0.01, *** p < 0.001, and **** p < 0.0001.

2.4. Treatment of Young Mice with Low-Dose LPS Induces HMGB1 Production

We next evaluated the impact of low-dose ‘sterile’ inflammatory stimuli, such as LPS,
on the induction of lung senescence. For these experiments, young (3 months of age)
mice were intraperitoneally injected with a low dose of LPS (3 times weekly for 4 weeks)
(Figure 6A). We first investigated p16 and p21 mRNA expression in young lung in response
to LPS. In response to repeated low-dose administration of LPS, there was a significant
increase in p16 (Figure 6B) and p21 (Figure 6C). In response to LPS, there was a significant
elevation in HMGB1 detected in plasma (Figure 6D) and BAL (Figure 6E) when compared
to mice receiving PBS alone. We next investigated if low-dose LPS impacted senescence in
young lung. In response to weekly treatment, we observed that a significant increase in
β-galactosidase hydryolysis occurred in young, LPS-treated mice when compared to PBS
controls (Figure 6F).
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Figure 6. Treatment of Young Mice with Low-Dose LPS Induces HMGB1 Production. (A) Experimental
layout for LPS injections in young adult BALB/c mice (3 months). Lung tissue was collected from
control and treated mice. (B,C) p16 and p21 expression in young lung in response to low-dose LPS
administration. (D) Plasma and (E) BAL was isolated and HMGB1 was assessed. (F) β-galactosidase
hydryolysis in young lung in response to senolytic treatment was assessed by flow cytometry.
N = 6 mice per group, and the experiment was repeated 3 times. * p < 0.05, **** p < 0.0001. Figure 6A
was created using BioRender.

2.5. Treatment of Young Mice with Low-Dose LPS Alters Senescence Gene Expression in Lung

Based on these findings, we examined if low-dose administration of LPS might alter
senescence gene expression in the young lung. For these experiments, we isolated RNA
from lung tissue collected from young mice receiving PBS, ultrapure LPS-B5, or ultrapure
LPS-EB and examined gene expression by real-time PCR. In response to administration
of LPS-B5 or LPS-EB, there was a significant elevation in Zmpste24 and Mrpl43 expression
in lung when compared to PBS controls (Figure 7A,B). We next evaluated if low-dose LPS
treatment might contribute to changes in genes associated with maintaining mitochondrial
replication. When compared to control, there was a significant elevation of Polrmt, Tfam,
and Tfb2m in lung tissue collected from LPS-treated mice (Figure 7C–E). As TMEM135
and TMEM33 play important roles in maintaining mitochondrial integrity and induction
of ER stress responses, respectively, we examined if low-dose LPS administration might
impact expression in young lung. In response to LPS-B5 or LPS-EB, elevated expression
of Tmem135 and Tmem33 was observed in young lung when compared to PBS controls
(Figure 7F,G).
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Figure 7. Treatment of Young Mice with Low-Dose LPS Alters Senescence Gene Expression in
Lung. Lung tissue was collected from PBS-, LPS-B5-, and LPS-EB-treated young adult BALB/c mice
(3 months of age). Expressions of (A) Zmpste24, (B) Mrpl43, (C) Polrmt, (D) Tfam, (E) Tf2m,
(F) Tmem135, and (G) Tmem33 were assessed by real-time PCR. Aged (20 months) PBS-treated
lung expression analysis is included for comparison. N = 6 mice per group, and the experiment was
repeated 3 times. ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Given the importance of sirtuins 3 and 6 in modulating senescence, we evaluated if the
expressions of these genes were altered in young lung in response to LPS administration.
When compared to PBS controls, there was a significant increase in both Sirt3 and Sirt6
expression detected in lung collected from LPS-treated mice (Figure 8A,B). When compared
to PBS-treated lung, there was an increase in Terf1 and Terf2 expression observed in young
lung in response to LPS treatment (Figure 8C,D).We next examined the impact that low-
dose, repeated LPS administration might have on DNA binding proteins, EP300, and ZFR.
There was a significant increase in Ep300 and Zfr gene expression in young lung in response
to LPS when compared to PBS controls (Figure 8E,F).
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Figure 8. Treatment of Young Mice with Low-Dose LPS Alters Senescence Modulatory Genes in
Lung. Lung tissue was collected from PBS-, LPS-B5-, and LPS-EB-treated young adult BALB/c mice
(3 months of age). Expressions of (A) Sirt3, (B) Sirt6, (C) Terf1, (D) Terf2, (E) Ep300, and (F) Zfr were
assessed by real-time PCR. Aged (20 months) PBS-treated lung expression analysis is included for
comparison. N = 6 mice per group, and the experiment was repeated 3 times. * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001.

2.6. Treatment of Young Mice with Low-Dose LPS Alters Inflammatory Gene Expression in
Young Lung

We next evaluated if repeated treatment with low-dose LPS could impact inflammatory
gene expression in the young lung. In response to LPS, there was a significant elevation
in Ccr1 expression in young lung when compared to PBS controls (Figure 9A). Given the
importance of CD64, PANX1, TOLLIP, and CXCL16 to the immune response, we examined
if the expressions of these genes were altered in young lung isolated from LPS-treated mice.
When compared to PBS controls, there was a significant elevation of Cd64, Panx1, Tollip,
and Cxcl16 detected in young lung in response to LPS-B5 and LPS-EB (Figure 9B–E). Based
on these findings, we next investigated the impact of LPS-B5 and LPS-EB treatment on
NF-κB and p-NF-κB protein expression in young lung. When compared to PBS-treated
controls, there was a significant difference in NF-κB and p-NF-κB detected in young lung
in response to LPS treatment (Figure 9F,G).
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Figure 9. Treatment of Young Mice with Low-Dose LPS Alters Inflammatory Gene Expression in
Lung. Lung tissue was collected from PBS-, LPS-B5-, and LPS-EB-treated young adult BALB/c mice
(3 months of age). Expressions of (A) Ccr1, (B) Fcgr1/CD64, (C) Panx1, (D) Tollip, and (E) Cxcl16, were
assessed by real-time PCR. Protein expression of (F) NF-κB and (G) p-NF-κB in young lung was
assessed by PathScan ELISA. Aged (20 months) PBS-treated lung expression analysis is included for
comparison. N = 6 mice per group, and the experiment was repeated 3 times. * p < 0.05, ** p < 0.01,
*** p< 0.001, and **** p < 0.0001.

3. Discussion

Our current study was designed to gain a better understanding of the impact of short-
term senolytic treatment or inflammatory stimulation on lung senescence. The results of our
study demonstrate that short-term treatment of aged adult mice with senolytics, quercetin
(Q) and dasatinib (D) significantly decreased HMGB1 levels in plasma and was associated
with improved expression of gene associated with genomic instability, telomere attrition,
mitochondrial dysfunction, DNA binding, and the inflammatory response. In contrast,
inflammation, in response to low-dose LPS administration, significantly enhanced HGMB1
levels in BAL and plasma of young adult mice. These levels were associated with increased
expression of genes associated with genomic instability, mitochondrial dysfunction, and
heightened inflammatory responses.

Previous work has demonstrated that in the absence of ZMPSTE24, there is accelerated
aging [50]. Importantly, in the absence of ZMPSTE24, there was a significant reduction
in the proliferation of fibroblasts, with many exhibiting enhanced senescence-associated
β-galactosidase levels when compared to age-matched controls [50]. In our study, we
observed an increase in Zmpste24 gene expression occurred in young lung in response to
low-dose inflammatory stimulation. Elevated Zmpste24 expression may serve as a pro-
tective mechanism to prevent DNA damage and double-stranded breaks [51]. In this
context, elevated Zmpste24 may also be increased at baseline in aged lung as a feedback
mechanism to maintain genomic integrity in the lung. Senolytic treatment, which has
been shown to induce apoptosis of senescent cells, may help to restore homeostasis within
aged lung tissue, improve genomic integrity, and result in decreased Zmpste24 expres-
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sion. It is important to note that Zmpste24 expression was still detectable in all aged lung
tissue, and mice did not exhibit any deleterious effects or lung tissue injury due to the
senolytic treatment.

TMEM135 has been shown to localize on mitochondria, and mutations in TMEM135
can contribute to imbalanced mitochondrial dynamics [35]. Overexpression of TMEM135
can result in increased mitochondrial fragmentation and membrane potential whereas a
loss of TMEM135 can decrease mitochondrial membrane potential and the rate of oxygen
consumption [36]. Our findings demonstrate that, in response to senolytic treatment,
there was a significant decrease in Tmem135 expression in aged lung. It is possible that
senolytic treatment and removal of senescent cells contributes to decreased oxidative
stress and reduction of multiple genes associated with maintaining mitochondrial integrity.
Importantly, Tmem135 expression was still detectable in aged lung in response to senolytic
treatment. As TMEM135 is critical for protection against environmental stress, elevated
expression in young lung in response to LPS stimulation might be attributed to increased
cellular stress occurring in lung in response to chronic low-dose inflammation.

Previous work has demonstrated that p16 and senescence-associated β-galactosidase
can be induced in macrophages as part of a reversible response to physiological stimuli [52].
Importantly, these studies demonstrated that in response to poly(I:C) stimulation, there
was no significant change in luciferase activity observed in lung isolated from 83-week-old
p16Ink4a/Luc mice [52]. It is plausible that peritoneal macrophages, as utilized in these
studies, may be significantly influenced by the surrounding adipose tissue and upregulate
senescence markers, such as p16 and β-galactosidase, in direct response to intraperitoneal
inflammatory stimuli [52]. As the aged lung environment determines the unique phenotype
of alveolar macrophages, it is possible that expression of these markers is dependent on
environmental cues and is regulated differently in each organ system [53].

It is important to note several limitations of our current study. We examined gene
expression in whole lung tissue samples, which contain a heterogeneous population of
lung cells. The direct impact of senolytic treatment on specific cell subsets will need
to be evaluated to determine if senolytic therapies directly impact one cell population,
resulting in changes in senescence gene expression or in multiple cell populations within
the lung. Conversely, the impact of low-dose LPS stimulation on senescent gene expression
in specific cell populations will also need to be investigated in future studies. It is unclear
if senescence gene expression in young lung is altered after LPS stimulation is no longer
present. It will be important to examine changes in gene expression at later time points
to determine if these values return to baseline in the young lung. Future work will need
to be performed to evaluate the impact of senolytic treatment on low-dose LPS-mediated
induction of senescence.

Another limitation of our current study is that we used LPS as a sterile inflammatory
compound to induce inflammation in young lung. LPS-B5 and LPS-EB are highly pyrogenic
prototypical endotoxins and potent activators of TLR4. While a low dose of LPS was used,
it is important to note that repeated administration may produce an accelerated senescence
phenotype that is not stereotypical of chronological aging. It is also possible that exposure
to a suboptimal dose of LPS rendered immune cells, such as macrophages, tolerant to
subsequent LPS exposures [54]. Thereby, heightened expression of senescence genes in
young lung may reflect altered immune responses that correspond with the length of
LPS duration.

Taken together, results of our current study illustrate the efficacy of senolytic treat-
ment on modulating responses in aged lung and the potential role of chronic low-dose
inflammation on senescence induction in the lung.

4. Materials and Methods
4.1. Mice

Male and female wild-type young (3 month, Charles Rivers Laboratories) and aged
(18+ months) (NIA Rodent Colony, Charles Rivers Laboratories) BALB/c mice were housed
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in the WCM animal facility and handled under identical husbandry conditions and fed
certified commercial feed. The IACUC at Weill Cornell Medicine approved the use of
animals in this study, and methods were carried out in accordance with the relevant
guidelines and regulations. No animals were used in the study if there was evidence of
skin lesions, weight loss, or lymphadenopathy.

4.2. Senolytic Preparation and In Vivo Administration

Dasatinib and quercetin were dissolved in vehicle containing 10% ethanol, 30%
polyethylene glycol 400, and 60% Phosal 50 PG at a concentration of 2 mg/mL and
20 mg/mL, respectively. Fresh solutions were prepared on the day of injection. Mice
were injected intraperitoneally every other day (3 times per week) for 4 weeks (12 injections
total) with PBS + vehicle, quercetin (0.625 mg/mouse), dasatinib (5 mg/kg), or quercetin
(0.3125 mg/mouse) + dasatinib (2.5 mg/kg). To prevent inflammation, the injection site
was alternated between administrations. Mouse weights and clinical scores were assessed
daily for the duration of treatment. No adverse side effects or weight loss were observed in
treated mice.

4.3. LPS Preparation and In Vivo Administration

Ultrapure LPS-EB (catalog #: tlrl-3pelps) and LPS-B5 (catalog #: tlrl-pb5lps) were pur-
chased from Invivogen. Compounds were resuspended per the manufacturers’ instruction,
and aliquots were stored at −20 ◦C until preparation for injection. Fresh dilutions of each
LPS compound were made on the day of injection. Mice were injected intraperitoneally
with PBS, LPS-EB (0.25 mg/kg), or LPS-B5 (0.25 mg/kg). To prevent inflammation, the
injection site was alternated between administrations. Mouse weights and clinical scores
were assessed daily for the duration of treatment. No adverse side effects or weight loss
were observed in treated mice.

4.4. RNA Purification and Real-Time PCR

RNA samples were extracted from lung tissue using the automated Maxwell RNA
extraction protocol (Madison, WI, USA). Samples were quantified and A260/280 ratios
were recorded. Samples were reverse transcribed using the First Stand Synthesis Kit and
quantified using the RT2 ProfilerTM PCR Assays (Qiagen: Mouse Senescence, PAMM-178Z,
Hilden, Germany). PCR efficiency and reproducibility were assessed, and results were
quantified using analytical software provided by Qiagen Gene Globe. Comparison of
housekeeping gene expression is shown in Supplemental Figure S1.

4.5. HMGB1 Assay

Blood and bronchoalveolar lavage (BAL) were collected from euthanized mice. Plasma
was isolated after centrifugation (7000 rpm, 10 min) and BAL was clarified (1200 rpm, 10 min)
(ThermoFisher Scientific, Waltham, MA, USA). HMGB1 levels were assessed using the
HMGB1 kit (Perkin Elmer/CisBio, catalog #: 62HMGPEG) per manufacturer’s instructions.

4.6. CellEvent Senescence Green Detection Assay

Whole lung cell populations were isolated from fresh lung tissue. Briefly, lung tis-
sue was dissociated per the manufacturer’s instructions using the Lung Dissociation kit
(Miltenyi Biotec). Whole lung cell populations or CD45+ and CD45− enriched populations
(Miltenyi Biotec using anti-CD45 microbeads) were counted, and 1 × 106 cells per tube were
treated with 1:1000 dilution of CellEvent Senescence probe, pH 6.0 (ThermoFisher Scientific,
Catalog #: C10840) and incubation at 37 ◦C for 2 h. Samples were washed with PBS (+1%
BSA). Fluorescence was quantified using the BD Accuri c6 cytometer and analyzed by
FlowJo Software, version 10.
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4.7. PathScan ELISA

Homogenates were prepared from whole lung cell populations (1 × 106 cells/mL)
using 1× Cell Lysis Buffer containing protease inhibitors (Cell Signal Technology, Catalog
#: 9803) per manufacturer’s instructions. NF-κB (Cell Signal Technology, Catalog #: 7174C)
and p-NF-κB (Cell Signal Technology, Catalog #: 7173C) were quantified and normalized to
protein concentration.

4.8. p16 Immunohistochemistry of Lung Tissue

Mice were euthanized, and right lung tissue was collected for downstream analysis. To
maintain architecture, left lung was distended with 1% low-melting agarose and placed into
cold formalin [55]. Tissue samples were processed by the Translational Research Program
at WCM Pathology and Laboratory of Medicine. Immunohistochemistry was performed
per the antibody manufacturer’s recommendation (Abcam, Cambridge, UK, AB211542,
anti-CDKN2A/p16INK4a). Tissue was treated with a 1:250 dilution of anti-p16INK4a in
SignalStain antibody diluent (Cell Signal Technology, catalog #8112) overnight at 4 ◦C
prior to treatment with secondary SignalStain Boost IHC detection reagent (Cell Signal
Technology, catalog#8114) and DAB SignalStain substrate (Cell Signal Technology, catalog
#8059). Counterstaining with hematoxylin was performed. Images were scanned using the
EVOS FL Auto Imaging System (ThermoFisher Scientific, Waltham, MA, USA).

4.9. Statistical Analysis

Comparison of groups was performed using a two-tailed t-test, and comparisons
between groups were verified by one-way ANOVA. For two component comparisons,
two-way ANOVA was used to calculate statistical significance. All samples were inde-
pendent and contained the same sample size for analysis. All data were analyzed using
GraphPad Prism software. Statistical significance was considered by a * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms24087628/s1.
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