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ABSTRACT: Age-related chronic low-grade inflammation contributes to both frailty and bone loss. One of the 

key regulators of inflammatory signaling that declines with age is tristetraprolin (TTP), an RNA-binding protein 

that promotes degradation of pro-inflammatory transcripts. In this study, we investigated whether stabilizing 

TTP during aging could reduce frailty and enhance bone health by mitigating inflammation and immune 

dysfunction. We utilized a knock-in mouse model (TTP∆ARE), in which an AU-rich region of the 3′ untranslated 

region was deleted to stabilize TTP mRNA and increase protein expression. Aged TTP∆ARE mice had reduced 

physical frailty scores, a composite measure based on body weight and physical performance, than age-matched 

wild-type controls (WT). Since frailty is associated with fracture risk, we examined bone structure. Aged 

TTP∆ARE males exhibited significantly higher bone mineral density and improved bone microarchitecture 

relative to WT mice. Our prior work showed that aging elevates myeloid-derived suppressor cells (MDSCs), 

which possess osteoclastogenic potential. The monocytic MDSCs (M-MDSCs) from the bone marrow of aged 

TTP∆ARE formed fewer osteoclasts than those from WT mice. Further, transcriptomic analysis of M-MDSCs 

revealed downregulation of bone resorption and remodeling pathways, along with upregulation of immune 

activation genes. In addition, immunophenotyping revealed a healthier, youthful-like immune profile in aged 

TTP∆ARE mice, including increased T-cell reservoirs. These findings signify the critical role of TTP in bone 

health during aging by regulating osteoimmunological induction of M-MDSCs, which leads to a partial reversal 

of the age-associated immune senescent phenotype, resulting in increased bone mineral density and improved 

functional capacity during aging. 
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INTRODUCTION 

 

By 2050, nearly 1 in 4 Americans will be 65 or older, as 

their numbers are expected to grow from 58 million in 

2022 to 82 million, marking a 47% increase and posing 

significant challenges for healthcare and social support 

systems [1]. With advancing age, the immune system 

undergoes dynamic changes characterized by both 
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impairment of adaptive immunity and activation of low-

grade chronic inflammation. This chronic activation of 

inflammation associated with aging has been coined 

‘inflammaging’ [2]. These age-related changes, known as 

immunosenescence, lead to a decline in immune 

resilience and an increased susceptibility to age-related 

chronic inflammatory diseases [3, 4]. 

Tristetraprolin (TTP; also known as NUP475, 

GOS24, or TIS11) is an mRNA-binding protein encoded 

by Zfp36 that inhibits the production of multiple pro-

inflammatory cytokines [5]. TTP’s primary role is binding 

to adenosine-uridine rich elements (AREs) in the 3’ 

untranslated regions (3’-UTRs) by virtue of the tandem 

CCCH zinc finger within target mRNA transcripts, thus 

destabilizing and promoting mRNA degradation of targets 

such as Tnf, Il1β, and Il6 [5-9]. In global TTP knockout 

(TTPKO) mice, our group and others have shown 

increased cytokine production due to increased cytokine 

mRNA stability [6, 9]. However, unlike some other key 

RNA-binding proteins, TTP expression declines with 

advancing age in humans, particularly in the immune 

system [10], providing a conceptual framework to address 

the role of TTP in age-related inflammatory diseases. 

As we age, hematopoiesis in the bone marrow is 

driven towards a myeloid lineage, promoting the 

accumulation of myeloid-derived suppressor cells 

(MDSC) [11, 12]. These cells can suppress T cell 

proliferation and function, and they produce pro-

inflammatory cytokines. As a heterogeneous population 

of immune cells, MDSCs are expanded with aging, 

influencing immune system function and amplifying the 

inflammaging process [11]. TTP directly impacts MDSC 

differentiation and function [13, 14]. Our recent studies 

demonstrated that young TTP-null mice exhibit increased 

MDSC populations, with a concomitant reduction in 

lymphocyte populations, suggesting that TTP is a critical 

cell-intrinsic factor of age-related adaptation in the 

immune system and inflammaging [13, 14]. Since the 

interplay between TTP and MDSCs is crucial in aging, 

restoring TTP function may help to mitigate age-related 

immunosenescence and chronic inflammatory diseases. 

The age-related expansion of MDSCs and declining 

TTP levels may lead to increased pro-inflammatory 

cytokines, such as TNF-α and IL-6 [13]. Monocytic 

MDSCs (M-MDSCs) are known to differentiate into 

osteoclasts [15]. We and others have shown that the 

expansion of MDSCs in aging [15] and young TTPKO 

mice [13, 14] is associated with increased osteoclast 

formation in both in vivo and ex vivo conditions and 

deteriorating bone microarchitecture. Importantly, we 

have demonstrated that failure to regulate the expression 

of cytokines at the post-transcriptional level contributes to 

inflammatory bone loss [16] and spontaneous bone loss 

with age in TTPKO mice [16, 17]. Meanwhile, the 

increased expression of TTP (TTP∆ARE) in young (3-

month-old) mice did not result in any differences in 

immune cell phenotype, osteoclast formation, or bone 

health parameters compared to age-matched wild-type 

mice [13, 14]. Considering the increasing aging 

population affected by inflammatory diseases and the 

declining TTP expression in older individuals, it is critical 

to study the role of TTP during aging on immune 

phenotype, MDSC gene expression, bone health, and 

functional capacity. Poor bone health and decreased 

physical ability to perform daily activities are indicators 

of a frail state [18, 19]. The Fried Frailty Index is one of 

the methods used to assess frailty, which includes 

components such as weight loss, exhaustion, physical 

inactivity, slowness, and weakness [20]. In the United 

States, the prevalence of frailty in the non-nursing home 

population ages 65 and older is about 15% [21]. 

Therefore, understanding the mechanisms connecting 

inflammaging, immune system alterations, bone health, 

and frailty is essential for developing targeted 

interventions to improve the quality of life in aging 

populations. In this study, we aged the TTP∆ARE mice 

(and age-matched wild-type mice) to 22 months and 

assessed frailty, bone microarchitecture, osteoclasto-

genesis, immune phenotype, and M-MDSC gene 

expression profiles. 

 

MATERIALS AND METHODS 

 

Mice 

 

All studies and experimental protocols were approved by 

and followed the University at Buffalo, Institutional 

Animal Care and Use Committee guidelines. TTPΔARE 

mice were generated as described in a previous study [22]. 

Briefly, 136 bases of an AU-rich region of the TTP 

(Zfp36) mRNA 3′ UTR were deleted in the mouse 

genome. PCR using primer 1 (P1: 5′-CGTCTCCCCAT 

CTTCAATCGT-3′) and primer 2 (P2: 5′-CAACCCCC 

CCCAAAAAATAGA-3′) was routinely done to 

genotype the offspring. These primers amplified a 780-bp 

endogenous Zfp36 WT allele and a 644-bp mutant Zfp36 

knock-in allele (containing mutant exon 2). All 

experiments were conducted on homozygous knock-in 

mice (TTPΔARE). The controls used were littermate 

C57BL/6N mice sourced from intercrossing TTPΔARE/+ 

heterozygous mice or C57BL/6N WT mice obtained from 

previous TTPΔARE/+ heterozygous matings. The male 

and female TTP∆ARE mice were obtained from NIEHS 

(National Institute of Environmental Health Sciences) or 

inbred in our animal facility. All the mice were 

maintained under a 12-hour light and 12-hour dark cycle. 

Mice were provided ad libitum access to chow. 
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Functional assessments 

 

Physical performance assessments were performed 

according to protocols we have described previously. 

Mice were acclimated before the assessments. The same 

investigator carried out all experiments during daylight 

hours. All behavioral tests were conducted blinded to 

genotype. 

Grip strength: To assess grip strength in mice, a grip 

force meter (Columbus Instruments, Columbus, OH) was 

used. For each trial, the mouse was held by the tail and 

positioned so that all four limbs contacted the force meter. 

Then, the tail was pulled until the mouse released its grip. 

Mice were allowed 10-second rests between trials. The 

maximum force recorded from the best three of five trials 

was used for further analysis. 

Gait speed: Gait speed analysis was conducted using 

an apparatus featuring a hallway that was 1 meter long, 8 

cm wide, and 12 cm tall, leading into a darkened “safe 

house” box. The average of the four trials was used for the 

analysis. 

Treadmill endurance: For each trial, the treadmill belt 

accelerated from 5 to 35 meters per minute over 60 

minutes, and the duration on the belt was recorded for 

each mouse until exhaustion, defined as either 10 visits to 

a shock pad or 20 total shocks (shocks at 54V, 0.72mA). 

The data was obtained as the best of two assessments 

conducted on consecutive days on a mouse treadmill 

(Columbus Instruments) set to zero incline. 

Open-field activity: Mouse activity was assessed 

using an open-field arena with infrared photobeam arrays 

(Med Associates Inc., Fairfax, VT). Each arena was 40 cm 

× 40 cm × 35 cm, and the system software automatically 

calculated the total distance covered in 30 minutes. After 

30 minutes, the total distance traveled, rearings, quadrant 

crossings, and average speed were calculated by the 

equipment software (Activity Monitor 7 software, Med 

Associates Inc). 

Frailty assessment: Frailty assessment was performed 

as described previously [23]. Briefly, the frailty 

assessment is based on the Fried et al. physical frailty 

assessment for humans [20]. Likewise, this tool for mice 

includes five parameters, unexpected weight loss (>5% 

weight loss one week before baseline and before 

endpoint), and a performance score below a cutoff of 1.5 

standard deviations of the baseline group mean comprised 

of 50% of mice closest to the mean for grip strength, 

treadmill endurance, gait speed, and open field activity. 

For this method, mice received 1 point for each parameter 

below the cut-off point, and mice with three or more such 

parameters were considered frail (as we have done 

previously [23, 24]. Briefly, the mean and standard 

deviation of grip strength, flat continuous treadmill 

performance, activity monitor crossings, and gait speed 

were calculated for the WT control mice. The Seldeen50 

frailty score was developed to minimize animal 

variability, which occasionally resulted in one parameter 

having a cutoff score below zero, rendering it unusable. 

To address this, the mean and standard deviation were 

calculated using only the closest 50% of control mice (a 

total of 6) to the group mean. 

FIAV score: The FIAV calculation was performed as 

described previously [24]. The parameters for FIAV 

include weight loss, gait speed, grip strength, flat 

continuous treadmill time on the belt, and activity monitor 

crossings. To generate a Z-score for each mouse, the value 

for each parameter is subtracted from the control mean of 

all mice and then divided by the standard deviation 

generated from all mice. To reduce variability and address 

one parameter yielding a negative cutoff score, the 

Seldeen50 frailty score was calculated using a subset of 

mice. Specifically, the control mean and standard 

deviation were derived from the 50% of wild-type mice (n 

= 6) whose values were closest to the group mean. 

 

Bone microarchitecture 

 

The tibias of TTP∆ARE and WT mice were fixed in 10% 

phosphate-buffered formalin at room temperature for 48 

hours, stored in 70% ethanol, and imaged using a high-

resolution Scanco Medical 100µCT scanner (Scanco 

Medical, Bruettisellen, Switzerland) as described in our 

recent publication [15]. Briefly, mid-shaft and proximal 

tibias were scanned in an ethanol medium at 70 kVP, 114 

µA, a 15.2 mm FOV, 500 projections/180°, 500 ms 

integration time, and a voxel size of 12 µm. All specimens 

were scanned under the same conditions. Three-

dimensional images were generated, reconstructed, and 

analyzed using AnalyzePro software (AnalyzeDirect, 

Inc., Overland Park, KS). These images were rotated to a 

standard orientation and thresholded to distinguish 

between mineralized and non-mineralized tissue. 

Trabecular parameters were obtained from a 960 µm 

region of interest distal to where the growth plate opened. 

The 960 µm cortical region of the tibia was derived from 

1200 slices distal to the growth plate. All images were 

analyzed individually, and the ROI was applied. The 

following trabecular and cortical parameters were 

calculated using AnalyzePro software: bone volume 

fraction (BV/TV, %), trabecular thickness (Tb.Th, mm), 

trabecular separation (Tb.Sp, mm), trabecular number 

(Tb.N, 1/mm), cortical bone area (Ct.Ar), total cross-

sectional area inside the periosteal envelope (Tt.Ar), 

cortical area fraction (Ct.Ar/Tt.Ar), and average cortical 

thickness (Ct.Th). All microCT scanning and analyses 

adhered to bone microstructure guidelines for rodents 

published by the American Society for Bone and Mineral 

Research (ASBMR) [25]. 
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Flow cytometry 

 

The single-cell suspensions obtained from bone marrow, 

spleen, and mesenteric lymph nodes were blocked using 

mouse BD Fc block (BD Biosciences). The cells were 

then immunophenotyped with various anti-mouse 

antibodies [15] listed with catalog numbers in 

Supplementary Table 1. After staining, the cells were 

washed and fixed in 1% paraformaldehyde (Sigma 

Aldrich, St. Louis, MO). Samples were analyzed on an 

LSR II flow cytometer (BD Biosciences) using 

FACSDiva version 6.1.3 software. Data analysis was 

conducted with FlowJo plugins (FlowJo LLC). 

 

M-MDSCs isolation 

 

Bone marrow monocytic myeloid-derived suppressor 

cells (M-MDSCs) were magnetic sorted from TTP∆ARE 

and WT mice. The mouse myeloid-derived suppressor 

cell isolation kit (Miltenyi Biotec, Germany) and Miltenyi 

autoMACS pro were used to sort M-MDSCs following 

the manufacturer’s protocol. Briefly, M-MDSCs were 

enriched by depleting non-myeloid cells or Gr-1highLy-

6G+ cells using a lineage depletion cocktail, followed by 

positive selection of Ly6C⁺ cells. The purity of the 

isolated M-MDSCs was assessed by flow cytometry, 

confirming a population exceeding 85%. 

 

Osteoclastogenesis assay 

 

The M-MDSCs isolated from TTP∆ARE (n = 4) and WT 

(n = 4) mice were seeded at 1x105 cells per well in a 48-

well plate for osteoclastogenic differentiation. The M-

MDSCs were cultured with monocyte colony-stimulating 

factor (M-CSF; 25 ng/ml, R&D Systems, BioTechne) and 

RANKL (50 ng/ml, R&D Systems, BioTechne) in α-

MEM media (Gibco, Thermo Fisher Scientific) 

supplemented with 10% FBS and 1% penicillin/ 

streptomycin. Cells that were stained with tartrate-

resistant acid phosphatase (TRAP), and those containing 

three or more nuclei, were identified as osteoclasts. 

ImageJ software was utilized to analyze the area of the 

osteoclasts. 

 

Bulk RNA sequencing 

 

Total RNA was isolated from the magnetically sorted M-

MDSCs from TTP∆ARE (n = 4) and WT (n = 6) mice 

using the RNeasy Mini Kit (Qiagen, USA). Whole-

genome sequencing was performed using the NovaSeq 

6000 System (Illumina Inc., San Diego, CA) at the 

Genomics and Bioinformatics Core of the New York State 

Center of Excellence in Bioinformatics and Life Sciences, 

University at Buffalo, NY as described in our recent 

publication [15]. FastQC and FastQ were used to review 

the sequencing quality and detect potential contamination, 

respectively. Bioconductor package DESeq2 version 

1.32.0. was used to detect the differentially expressed 

genes. Genes with adjusted p-values (padj < 0.05) were 

considered statistically significant. P-values were 

adjusted using the Benjamini-Hochberg method to control 

for false discovery rate (FDR). Genes with log2 fold 

change > 0 were considered upregulated, and those < 0 

were considered downregulated. 

 

Gene ontology enrichment analysis 

 

Significantly upregulated and downregulated genes were 

used as input for gene ontology (GO) enrichment analysis 

using the ClusterProfiler package in R. The enrichGO 

function was used to identify significantly enriched GO 

terms, with FDR correction applied using the Benjamini-

Hochberg method. GO terms were ranked by adjusted p-

value and visualized using bubble plots. 

 

Statistical analysis 

 

The graphs were created, and statistical analyses were 

conducted using GraphPad Prism 10 version 10.4.0 

(GraphPad Software Inc., La Jolla, CA). Two-tailed 

unpaired Student’s t-tests and one- or two-way ANOVA 

followed by GraphPad’s recommended post-hoc tests 

were used as appropriate. All behavioral assessments, 

histological analyses, and flow cytometry were performed 

by investigators blinded to genotype and sex. Sample 

sizes were determined based on previous studies from our 

group [23, 24], which detected significant differences in 

frailty scores and FIAV (e.g., p<0.05 for HIIT-induced 

reductions in frailty with n=9–14 per group in aged 

C57BL/6 mice). Post-hoc power calculations (using 

G*Power 3.1.9.7) for unpaired two-tailed Student's t-tests 

confirm that our sample sizes (males: WT n=12, 

TTP∆ARE n=16; females: WT n=12, TTP∆ARE n=13) 

provide >80% power to detect large effect sizes (Cohen's 

d ≥1.2) at α=0.05 for between-genotype comparisons. 

Data are shown as mean ± SD; P < 0.05 was considered 

statistically significant. 

 

RESULTS 

 

Increased Stability of TTP (∆ARE) Decreases Frailty 

in Aged Mice 

 

TTP levels naturally decline with age [10], leading to 

increased inflammation [7-9], and may contribute to 

frailty and reduced physical performance. To study the 

protective effects of stabilized TTP expression during 

aging, we performed frailty and functional testing in 
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TTP∆ARE mice aged at 22 months. The frailty score, 

which reflects performance-based physical decline, was 

significantly lower in aged TTP∆ARE male (n=16) and 

female (n=13) mice compared to wild-type (WT) controls 

(n=12, each sex) (Fig. 1B), indicating reduced frailty. The 

mice were classified according to the adapted Fried 

criteria as robust (score 0), pre-frail (score 1–2), or frail 

(score ≥ 3). In both sexes, TTP∆ARE mice exhibited a 

striking shift away from frailty.  

 
Figure 1. Aged TTP∆ARE mice exhibit reduced frailty and improved physical performance. (A) Schematic representation 

of the study design for evaluating frailty and physical performance in aged mice up to 22 months of age. (B) Comparison of Fried 

Frailty Index between aged male and female TTP∆ARE and age- and sex-matched WT mice. Each dot represents a mouse: aged 

male TTP∆ARE (n = 16), aged female TTP∆ARE (n = 13), aged male WT (n = 12), and aged female WT (n = 12).  (C) Frailty 
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Intervention Assessment Value (FIAV) scores in aged male and female TTPΔARE mice compared to WT mice. (D) Schematic 

diagram depicting the five components used to assess frailty: weight loss, walking speed, grip strength, exhaustion, and physical 

activity. (E) Assessment of frailty components in young (n = 15), aged WT (n = 12), and aged TTPΔARE (n = 16) male mice. 

(F) Comparison of the frailty components in female mice between young (n = 15), aged WT (n = 12), and aged TTP∆ARE (n = 

13) groups. Statistical differences between the groups were analyzed using a one-way analysis of variance (ANOVA), followed 

by Tukey’s post hoc test for multiple comparisons. Data are presented as mean ± SD, **p<0.01, ***p<0.001, and ****p<0.001. 

Among males, no TTP∆ARE mice were frail (0/16, 

0%) compared to 2/12 (17%) in WT controls, with the 

majority of TTP∆ARE males being robust (14/16, 88%) 

versus only 3/12 (25%) in WT mice (pre-frail: 2/16 [13%] 

TTP∆ARE vs. 7/12 [58%] WT). Similarly, in females, 

frailty was completely absent in TTP∆ARE mice (0/10, 

0%) compared to 4/15 (27%) in WT controls, with 

TTP∆ARE females predominantly pre-frail or robust 

(pre-frail: 7/10 [70%]; robust: 3/10 [30%]) versus 9/15 

(60%) pre-frail and 2/15 (13%) robust in WT females. 

Thus, at 22 months, TTP∆ARE mice of both sexes are 

predominantly robust or pre-frail compared to age-

matched WT mice. In parallel, we also determined the 

Frailty Intervention Assessment Value (FIAV), which 

was calculated by converting individual gait speed, grip 

strength, treadmill endurance, and quadrant crossings into 

z-scores relative to the group mean and summing them as 

previously described by our group [24]. We found 

significantly higher FIAV in both male and female aged 

TTP∆ARE mice (Fig. 1C), indicating a greater functional 

capacity. A schematic overview of the Fried frailty 

components is shown in Figure 1D. To assess whether 

TTP∆ARE mice retained youth-like function into old age, 

we compared physical performance in 22-month-old 

(aged) TTP∆ARE mice to both age-matched WT controls 

and 6-month-old WT mice. Compared to age-matched 

WT controls, 22-month-old TTP∆ARE males exhibited 

significantly decreased body weight and increased gait 

speed, grip strength, and treadmill endurance (Fig. 1E). 

However, quadrant crossings, a measure of exploratory 

behavior, were not significantly different in aged 

TTP∆ARE mice (p = 0.127). Notably, grip strength and 

treadmill endurance of aged TTP∆ARE mice were 

comparable to 6-month-old WT mice. Similarly, aged 

TTP∆ARE females exhibited significantly higher gait 

speed and treadmill endurance than aged WT females, 

while grip strength and crossings were not significantly 

different between aged WT and TTP∆ARE females (Fig. 

1F). Body weight increased significantly with age in both 

WT and TTP∆ARE mice, but unlike males, no significant 

difference was observed between aged WT and 

TTP∆ARE females. 

 

TTP∆ARE Enhanced Bone Microarchitecture in Aged 

Mice 

 

As frailty is associated with bone health [26, 27], we next 

investigated whether reduced frailty observed in aged 

TTP∆ARE mice correlates with improved bone 

microarchitecture. To assess the impact of the TTP∆ARE 

mutation on bone health, we analyzed the tibia 

microarchitecture of aged TTP∆ARE and WT mice. A 

schematic representation of the tibia cross-section 

highlights the regions of interest (ROIs) used for 

trabecular and cortical analyses (Fig. 2A). Representative 

micro-computed tomography (micro-CT) images of 

trabecular and cortical regions indicated structural 

differences between TTP∆ARE male and WT male mice 

(Fig. 2B). Quantitative analysis further revealed that aged 

TTP∆ARE mice exhibit significantly improved bone 

parameters, including increased bone mineral density 

(BMD), bone volume fraction (BV/TV), cortical 

thickness (Ct.Th), cortical area (Ct. Ar), and cortical area 

to total area ratio (Ct. Ar/Tt.Ar) compared to WT controls 

(Fig. 2C). We also evaluated tibial bone microarchitecture 

in aged TTP∆ARE and WT females (Supplementary Fig. 

1). Quantitative analysis revealed no significant 

differences between aged WT and TTP∆ARE female 

mice in trabecular or cortical bone parameters 

(Supplementary Fig. 1). Further analysis revealed that, 

aged TTP∆ARE males exhibited significantly higher 

BMD than WT controls (2750.8 ± 264.3 vs. 2504.1 ± 

254.8; ~10% increase), along with greater trabecular bone 

volume fraction (BV/TV; 27.40 ± 3.46% vs. 23.95 ± 

2.67%; ~14% increase). In females, BMD values were 

comparable between genotypes (2806.6 ± 217.8 vs. 

2817.5 ± 205.1; ~0.4% difference), while BV/TV showed 

a modest elevation in TTP∆ARE mice (25.70 ± 3.30% vs. 

23.78 ± 2.61%; ~8% increase). These results suggest that 

the skeletal benefits observed in aged TTP∆ARE male 

mice are sex-specific and not evident in females. 

 

TTP∆ARE Reduced Osteoclast Formation in Aged 

Bone Marrow M-MDSCs 

 

Following our observation that aged TTP∆ARE mice 

showed enhanced bone microarchitecture, we studied the 

cellular mechanisms involved by analyzing the tartrate-

resistant acid phosphatase (TRAP) positive cells in the 

tibia and the osteoclastogenic potential of bone marrow 

(BM) cells. There were significantly fewer TRAP-

positive osteoclasts in trabecular and cortical regions in 

aged TTP∆ARE mice compared to WT mice (Fig. 3A). 

This reduction in TRAP-positive osteoclasts was 

confirmed by quantification, with representative cells 

indicated by arrows in Figure 3A. The number of 
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osteoclasts per bone perimeter (N.Oc/B.Pm, /mm) and 

osteoclast surface per bone surface (Oc.S/BS, %) were 

significantly reduced in TTPΔARE mice (Fig. 3B).  

 
Figure 2. Aged TTP∆ARE mice exhibit improved bone microarchitecture compared to WT mice. (A) 

Schematic representation of the tibia cross-section showing the regions of interest (ROI) for assessing 

trabecular and cortical bone parameters. (B) Representative trabecular and cortical microCT images of tibiae 

from WT (n = 8) and TTP∆ARE (n = 14) male mice. (C) Quantitative analysis showing increased bone 

mineral density (BMD), bone volume to total volume (BV/TV), cortical thickness (Ct.Th), cortical area 

(Ct.Ar), and cortical area to total area ratio (Ct.Ar/Tt.Ar) in aged TTP∆ARE mice compared to WT mice. 

Statistical significance was determined using unpaired two-tailed Student’s t-test. Data represent males only; 

female data shown in Supp. Fig. 1. Data are presented as mean ± SD, *p<0.05, **p<0.01. 

To explore the source of these differences, we 

isolated one class of osteoclast precursor cells that expand 

with aging, monocytic myeloid-derived suppressor cells 

(M-MDSCs) from BM and differentiated them into 

osteoclasts ex vivo using receptor activator of nuclear 

factor kappa-B ligand (RANKL) and macrophage colony-

stimulating factor (M-CSF). M-MDSCs from aged 

TTP∆ARE mice formed fewer osteoclasts than WT mice 

(Fig. 3C). Quantitative analysis showed fewer osteoclasts 

(p<0.001) and smaller osteoclast areas (p<0.0001) in aged 

TTP∆ARE mice (Fig. 3D). To determine whether similar 

cellular mechanisms underlie the skeletal phenotype in 

females, we examined bone histology and osteoclast 

activity in aged WT and TTP∆ARE female mice 

(Supplementary Fig. 2). TRAP staining revealed 

significantly fewer osteoclasts per field and reduced 

osteoclast area in tibial sections from aged TTP∆ARE 

females compared to WT controls (Supplementary Fig. 

2A and 2B). Further, M-MDSCs isolated from the BM of 

aged TTP∆ARE female mice made fewer osteoclasts than 
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WT mice (Supplementary Fig. 2C). Quantitative analysis 

showed significantly fewer osteoclast numbers and 

smaller osteoclast areas (p<0.0001) in aged TTP∆ARE 

mice compared to WT mice (Supplementary Fig. 2D). 

Similarly, in young TTP∆ARE mice, there were 

significantly reduced osteoclast numbers in the tibia and 

diminished osteoclastogenic potential of bone marrow–

derived M-MDSCs (Supplementary Fig. 7). 

 

 

 

 

Figure 3. Aged TTP∆ARE mice exhibit reduced 

osteoclasts in tibia and diminished osteoclastogenic 

potential of bone marrow-derived M-MDSCs. (A) 

Representative tibial TRAP (tartrate-resistant acid 

phosphatase) staining showing TRAP-positive 

osteoclasts in aged WT (n = 4) and TTP∆ARE (n = 4) 

male mice. (B) Quantification of osteoclast parameters, 

including osteoclast numbers per bone perimeter 

(N.Oc/B.Pm, /mm) and osteoclast surface per bone 

surface (OC.S/BS, %). (C) Ex vivo differentiation of M-

MDSCs (monocytic myeloid-derived suppressor cells) 

into osteoclasts using RANKL (receptor activator of 

NF-κB ligand) and M-CSF (macrophage colony-

stimulating factor). (D) Quantification of osteoclast 

numbers and osteoclast surface area following ex vivo 

osteoclastogenesis in WT (n = 6) and TTP∆ARE (n = 6) 

male mice. Statistical significance was determined using 

an unpaired two-tailed Student’s t-test. Data represent 

males only; female data shown in Supp. Fig. 2. Data are 

presented as mean ± SD; *p<0.05, **p<0.01, 

***p<0.001. Scale bars: 250 μm (full-section images), 

50 μm (enlarged insets). 

 

Effect of TTP∆ARE on Bone Marrow Immune Cell 

Populations 

 

We next investigated whether reduced osteoclastogenic 

potential in bone marrow M-MDSCs was accompanied by 

alterations in the overall immune cell profiles critical to 

aging and immunosenescence. Bone marrow cells were 

isolated and immunophenotyped using flow cytometry, 

with a gating strategy designed to identify M-MDSC and 

PMN-MDSC populations (Fig. 4A). Uniform Manifold 

Approximation and Projection (UMAP) analysis 

visualized the distribution of M-MDSCs, poly-

morphonuclear myeloid-derived suppressor cells (PMN-

MDSCs), and macrophages, with bar graphs illustrating 

the percentage of each cell type (Fig. 4B and 4C). Aged 

TTP∆ARE male mice displayed a significant decrease in 

PMN-MDSCs and no difference in M-MDSCs compared 

to WT mice (Figure 4C). The T-cell compartments, B-

cells, dendritic cells (DCs), and natural killer cells (NKs) 

were visualized using UMAP projections for T-helper 

(CD4+), T-cytotoxic (CD8+), T-regulatory (Treg) cells, B 

cells, DCs, and NK cells (Fig. 4D and 4E), with 

percentage distributions (Fig. 4F and 4G). Aged male 

TTPΔARE mice exhibited a significant increase in CD4+ 

T-helper cells and T-reg cells, but no statistically 

significant difference in CD8+ T-cytotoxic cells, and a 

significant decrease in DCs, while B-cell and NK-cell 

levels remained unchanged. Further, there was a trend (p 

= 0.081) towards decrease in interleukin-17 (IL-17) levels 

in bone marrow (Fig. 4H) observed in aged TTP∆ARE 

mice compared to WT mice. Similar to the male mice, no 

significant difference in M-MDSCs, PMN-MDSCs, and 
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macrophages in the BM of aged female TTP∆ARE mice 

compared to WT controls (Supplementary Fig. 3A). 

Unlike the aged male TTP∆ARE male mice, the CD8+ T-

cytotoxic cells significantly increased in aged female 

TTP∆ARE mice, but there were no differences in T-helper 

and T-reg cells (Supplementary Fig. 3B). Aged 

TTP∆ARE female mice exhibited no significant 

differences in B-cells, DC, NK cells, and IL-17 cells 

(Supplementary Fig. 3C and 3D). 

 
Figure 4. Aged TTP∆ARE mice exhibit a healthier immunophenotype with increased T-cell 

reservoirs. (A) Flow cytometric gating strategy for identifying immune cell populations, including 

monocytic myeloid-derived suppressor cells (M-MDSCs) and polymorphonuclear myeloid-derived 

suppressor cells (PMN-MDSCs). (B) UMAP plots illustrating bone marrow myeloid populations, 

including M-MDSCs, PMN-MDSCs, and macrophages. (C) Quantification of identified myeloid 

populations. (D) UMAP plots of lymphoid populations, including T-cytotoxic, T-helper, T-regulatory 

cells, B cells, dendritic cells, and natural killer cells. (E) Quantification of lymphoid populations. (F) 

UMAP plots of B-cells, dendritic cells, and natural killer cells and their quantification (G). 

Experimental groups: WT (n = 5) and TTP∆ARE (n =10) male mice. Statistical significance was 

determined using an unpaired two-tailed Student’s t-test. Data represent males only; female data shown 

in Supp. Fig. 3. Data are presented as mean ± SD, *p<0.05, **p<0.01. 
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Figure 5. Aged TTP∆ARE mice M-MDSCs exhibit distinct gene expression profiles and 

downregulated bone resorption GO term. (A) PCA plot illustrating the segregation of gene expression 

profiles between WT and TTP∆ARE M-MDSCs. (B) Volcano plot depicting significantly upregulated (red) 

and downregulated (blue) genes in M-MDSCs from male TTP∆ARE compared to WT male mice. (C) 

Heatmap showing differentially expressed genes (DEGs) between WT and TTP∆ARE groups. (D) Gene 

Ontology (GO) analysis of the top 20 upregulated biological processes. (E) GO analysis highlighting 

enrichment of mRNA metabolic processes. (F) GO analysis of downregulated biological processes. 

Downregulation of bone resorption (G) and osteoclast differentiation (H) pathways in TTP∆ARE M-

MDSCs. Experimental groups: WT (n = 4) and TTP∆ARE (n = 6) male mice. Female data shown in 

Supplementary Figure 4. 

In the spleen and mesenteric lymph nodes (mLNs), 

aged male TTP∆ARE mice exhibited no statistically 

significant differences in M-MDSCs, PMN-MDSCs, and 

macrophages compared to WT mice (Supplementary Fig. 

6A and 6B). Surprisingly, the M-MDSCs were 

significantly reduced in the spleen and mLN of aged 

TTP∆ARE female mice (Supplementary Fig. 3A). CD4+ 

and CD8⁺ T-cells were significantly increased in the 

spleen and mLN of both TTP∆ARE female 

(Supplementary Fig. 3B) and male (Supplementary Fig. 
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6A) mice. Whereas T-regs were only increased (p<0.05) 

in the mLN, but not in the spleen, of both sexes. B-cell 

frequencies were significantly decreased in both spleen 

and mLNs of aged TTP∆ARE females (Supplementary 

Fig. 3C), but a similar change in B-cells was observed 

only in mLN of TTP∆ARE males (Supplementary Fig. 

6B). Dendritic cells were significantly decreased in the 

mLNs of males and showed no reduction in TTP∆ARE 

females. NK cells were significantly reduced in the spleen 

of males but unchanged in females. IL-17–producing cells 

were significantly increased in the spleen of both males 

(Supplementary Fig. 6B) and females (Supplementary 

Fig. 3D), with unchanged in BM and mLNs. In young (6-

month-old) male mice, the TTP∆ARE genotype exhibited 

minimal overall differences in myeloid and lymphoid 

immune cell populations across BM, SPL, and MLN 

compared to WT controls, though a significant reduction 

in PMN-MDSCs was observed in BM and significant 

elevations in M-MDSCs in spleen and CD8+ cells in SPL 

(Supplementary Fig. 8A-B). B cells, dendritic cells, and 

NK cells remained largely comparable between 

genotypes, with no notable changes in all tissues 

(Supplementary Fig. 8C). IL-17-producing T cells were 

significantly higher in TTP∆ARE spleen but similar 

elsewhere (Supplementary Fig. 8D). In contrast, in young 

female mice, immune profiles showed no major genotype-

specific alterations, with only statistically significant 

increase in CD8+ cells in MLN (Supplementary Fig. 9A-

D). 

 

Effect of TTP∆ARE on M-MDSC Gene Expression 

 

Aging is marked by a decline in T-cell populations, a key 

factor driving immunosenescence [28]. M-MDSCs play a 

pivotal role in modulating T-cell populations through 

their suppressive functions. Previous studies, including 

ours, have shown that M-MDSCs possess high 

osteoclastogenic potential, even though their proportions 

in bone marrow remain unchanged between young and 

old mice or young WT and TTP∆ARE mice [14, 15]. 

Despite these similarities, M-MDSCs from aged male 

TTP∆ARE mice exhibit distinct gene expression profiles 

compared to WT mice. Principal component analysis 

(PCA, Fig. 5A) demonstrated a clear separation between 

aged WT and TTP∆ARE M-MDSCs. Differential 

expression analysis identified significant upregulation 

and downregulation of genes, visualized in a volcano plot 

(Fig. 5B). Heatmaps (Fig. 5C) further showcased a 

distinct transcriptional landscape in TTP∆ARE M-

MDSCs. In addition, gene ontology (GO) analysis 

revealed upregulation of pathways associated with mRNA 

metabolism (Fig. 5E) and mitochondrial gene expression 

(Fig. 5F), while pathways linked to bone resorption (Fig. 

5G) and osteoclast differentiation (Fig. 5H) were 

downregulated. Interestingly, we observed a similar 

pattern of transcriptomic remodeling in M-MDSCs 

isolated from aged female TTP∆ARE mice 

(Supplementary Fig. 4A-H). Principal component 

analysis and differential gene expression revealed distinct 

clustering and separation from aged WT controls. Gene 

ontology analysis showed upregulation of pathways 

involved in mRNA metabolism and mitochondrial 

function, while pathways related to bone resorption and 

osteoclast differentiation were downregulated, mirroring 

the changes observed in male TTP∆ARE M-MDSCs. 

These data suggest that stabilized TTP expression alters 

key inflammatory and osteogenic gene programs in M-

MDSCs of both sexes during aging. 

 

DISCUSSION 

 

Enhancing TTP expression throughout the lifespan of 

male and female mice improved frailty scores, reflecting 

improvements in body weight, gait speed, grip strength, 

and physical activity. Both male and female aged 

TTP∆ARE mice exhibited significantly reduced frailty 

scores and increased FIAV scores compared to WT 

controls during aging. The significant reductions in Fried 

Frailty Score and improvements in FIAV observed at 22 

months prior to the rapid acceleration phase of frailty in 

C57BL/6 mice, with onset around 17 months at low 

prevalence, gradual progression until approximately 23 

months, and steep increase thereafter [29], indicate that 

the constitutive global TTP stabilization model used in 

this study primarily exerts preventive effects, attenuating 

the accumulation of age-related functional deficits during 

the early-to-mid phase of frailty development. Notably, 

grip strength and treadmill endurance in aged TTP∆ARE 

male mice, but not in aged TTP∆ARE female mice, were 

restored to levels comparable to those of young (6-month-

old) WT mice, suggesting that enhanced TTP expression 

reverses specific aspects of age-related physical decline. 

This partial preservation of youth-like function implies 

that TTP stabilization can attenuate or delay the functional 

impairments typically associated with aging. However, 

the extent of protection differed, with aged males showing 

restoration across all individual FIAV components, 

including body weight, grip strength, and gait speed, 

whereas aged females exhibited significant improvements 

only in select measures such as gait speed and treadmill 

endurance. Overall, these results suggest that TTP 

stabilization confers less robust protection in females. 

Similar sex differences in frailty appear across various 

preclinical models [30]. These differences likely arise 

from behavioral, social, and biological factors, 

significantly impacting disease susceptibility, treatments, 

and outcomes in the frail elderly population [30, 31]. This 

minor sex-specific difference likely reflects the complex 
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interplay between hormonal environment, immune aging, 

and post-transcriptional regulation. While TTP modulates 

inflammatory gene expression in both sexes, estrogen loss 

during aging may limit its capacity to fully restore 

musculoskeletal function in females. In this study, the 

lack of improvement in grip strength and crossings in aged 

TTP∆ARE females, despite preserved gait and endurance, 

suggests that age-related estrogen decline may restrict 

tissue responsiveness to anti-inflammatory modulation. 

This aligns with known roles of estrogen in regulating the 

skeletomuscular system, cytokine signaling, and neural 

activation pathways involved in exploratory behavior. 

A key limitation of this study is the global nature of 

the TTP∆ARE, which stabilizes TTP mRNA across all 

tissues and cell types where TTP is endogenously 

expressed, rather than being restricted to MDSCs or 

myeloid cells. TTP exhibits broad expression patterns, 

including in immune cells (e.g., macrophages, T cells, and 

dendritic cells), epithelial cells (e.g., keratinocytes and 

colonic epithelium), fibroblasts, muscle cells, and neural 

tissues, with levels often declining with age, particularly 

in the immune system, but also varying by tissue context 

[10, 32]. This widespread expression suggests that the 

observed improvements in frailty and physical 

performance may arise not only from reduced 

inflammaging and MDSC-driven osteoclastogenesis but 

also from effects in other systems more directly linked to 

muscle and neuromotor function. For instance, TTP is 

expressed in skeletal and cardiac muscle, where it 

regulates inflammation, cell survival (e.g., in response to 

nicotinic stimulation), and mitochondrial function, 

potentially contributing to enhanced grip strength, gait 

speed, and treadmill endurance independent of systemic 

inflammation [32]. Similarly, in the nervous system, TTP 

modulates brain-derived neurotrophic factor expression, 

protects dopaminergic neurons, and influences 

sympathetic nerve activity, which could directly impact 

neuromotor coordination and exploratory behavior (e.g., 

quadrant crossings) without relying solely on MDSC or 

cytokine changes [33]. These multifaceted effects 

highlight the need for future studies using conditional 

knock-in models to delineate cell- and tissue-specific 

contributions of TTP to age-related phenotypes, thereby 

clarifying the relative roles of immune versus non-

immune mechanisms in frailty and bone health. 

The skeletal benefits of TTP stabilization also 

appeared to be male-specific, as aged TTP∆ARE males 

demonstrated increased trabecular and cortical bone 

parameters, while no significant improvement was 

observed in females. This disparity may result from 

sexually dimorphic baseline bone architecture or 

differential osteoclast responsiveness to inflammatory 

signals. In both clinical and preclinical models, females 

typically have lower BMD and altered bone 

microarchitecture compared to males [34, 35]. These 

changes result in less dense bones with a different bone 

microarchitecture, increasing their susceptibility to 

fractures, especially after menopause when estrogen 

levels decline [36]. Nonetheless, increased TTP 

expression in both sexes reduced the number of 

osteoclasts per bone perimeter and osteoclast surface per 

bone surface in vivo, indicating that TTP limits 

osteoclastogenesis independent of sex. The limited 

benefits in females may stem from interactions between 

TTP and estrogen signaling, as estrogen receptors (ERs) 

in osteoclasts and osteoblasts mediate protective effects 

against bone loss by repressing pro-osteoclastic cytokines 

(e.g., TNF-α, IL-1, and IL-6) and promoting osteoclast 

apoptosis via Fas/FasL pathways, potentially synergizing 

with or modulating TTP's anti-inflammatory actions on 

cytokine mRNA stability [36, 37]. For example, estrogen 

deficiency elevates these cytokines and RANKL 

expression, enhancing osteoclastogenesis, a process that 

could overwhelm TTP-mediated post-transcriptional 

repression in postmenopausal states [37]. This may 

explain the lack of bone microarchitecture improvements 

in aged TTP∆ARE females despite reduced osteoclast 

formation, as estrogen decline attenuates the intersection 

between hormonal and inflammatory regulatory 

pathways. Future studies incorporating estrogen 

measurements, cytokine profiling, ovariectomy models, 

or ER knockout models could elucidate these sex-specific 

interactions. Importantly, our previous work 

demonstrated that the M-MDSCs, which serve as 

precursors of osteoclasts, expand in various tissues during 

aging and inflammatory conditions [11, 13]. Furthermore, 

we revealed the role of TTP in regulating the egress of 

MDSCs from the BM via the CCR2-CCL2 axis, thereby 

altering the osteoclastogenic potential of M-MDSCs and 

driving age-related skeletal deterioration [13, 14]. Here, 

we further confirm the role of TTP on the osteoclastogenic 

potential of M-MDSCs, as the M-MDSCs from aged 

TTP∆ARE mice formed fewer and smaller osteoclasts ex 

vivo. Furthermore, the TTP’s role in the osteoclastogenic 

potential of M-MDSCs is independent of sex in aged 

mice. These in vitro changes likely precede the functional 

skeletal improvements. 

Although our findings emphasize reduced 

osteoclastogenesis as a key mechanism for improved bone 

health in TTP∆ARE mice, a limitation is that we did not 

directly assess bone formation rates or osteoblast 

function, which could also contribute to the observed 

skeletal benefits. TTP (ZFP36) is expressed in 

osteoblasts, mesenchymal stem cells (MSCs), endothelial 

cells, and skeletal muscle, where it regulates mRNA 

stability of genes involved in differentiation, 

inflammation, and tissue remodeling [38-40]. For 

instance, ZFP36 promotes osteogenic differentiation in 
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human bone marrow-derived MSCs by inhibiting the 

translation of JUN mRNA, potentially enhancing 

osteoblast activity and bone health [39]. Similarly, in 

endothelial cells, ZFP36 reduces inflammation in 

atherosclerotic lesions, which could indirectly support 

vascularized bone repair during aging [40]. Age-related 

declines in these cell types may thus be ameliorated by 

TTP stabilization, contributing to the male-specific 

improvements in bone microarchitecture beyond MDSC-

driven resorption. Future studies incorporating dynamic 

histomorphometry, osteogenic markers, or conditional 

models will be essential to explore these contributions. 

In addition to their osteoclastogenic potential, M-

MDSCs also exert immunosuppressive effects by 

suppressing T-cell populations, a hallmark of 

immunosenescence [41, 42]. Therefore, we profiled 

immune cell populations in the bone marrow, spleen, and 

mesenteric lymph node (mLN) of aged TTP∆ARE and 

WT mice.  In the bone marrow, aged male TTP∆ARE 

mice exhibited a significant reduction in PMN-MDSCs 

without changes in M-MDSC frequencies, along with 

increased T-helper and regulatory T-cells, but no 

significant differences in cytotoxic T-cells. These changes 

were accompanied by a decrease in dendritic cells, while 

B-cells and NK-cells remained unchanged. Conversely, 

aged female TTP∆ARE mice exhibited a significant 

increase in cytotoxic T cells, but no changes in T-helper 

or T-regulatory populations. Surprisingly, in peripheral 

tissues, both sexes exhibited significantly increased 

helper and cytotoxic T-cells in the spleen and mLNs, 

while T-regs were elevated specifically in the mLNs. 

Notably, aged TTP∆ARE females had significantly lower 

M-MDSC frequencies in the spleen and mLNs, which was 

not observed in males. Furthermore, IL-17 producing 

cells were elevated in the spleens of both sexes. The 

spleen-specific increase in IL-17-producing cells in aged 

TTP∆ARE mice, despite the broader anti-inflammatory 

profile, may reflect a compensatory mechanism 

promoting tissue repair and immune balance rather than 

pathology. IL-17 exhibits a dual role in aging: while often 

pro-inflammatory and linked to inflammaging, it can 

support homeostatic responses, such as neutrophil 

recruitment for pathogen clearance and resolution or 

epithelial barrier integrity against microbial translocation, 

particularly amid age-related T cell shifts in peripheral 

and secondary lymphoid organs like the spleen [43, 44]. 

This targeted elevation could thus contribute to the 

enhanced T cell reservoirs and immune resilience 

observed, aligning with models where IL-17 restrains 

excessive inflammaging without driving bone resorption. 

These findings demonstrate that TTP stabilization 

supports maintenance of key T-cell subsets and restrains 

immunosuppressive MDSC populations in a tissue- and 

sex-specific manner, consistent with a partial reversal of 

immunosenescence in aged mice. 

However, to elucidate the mechanism or pathway by 

which TTP reduces the osteoclastogenic potential of M-

MDSCs, we performed RNA sequencing on M-MDSCs 

from both males and females. TTP∆ARE mice revealed 

key transcriptional changes, including upregulated RNA 

metabolism pathways and downregulated osteoclast 

differentiation pathways. Notably, several genes central to 

osteoclastogenesis and MDSC inflammatory function 

such as, Mapk14 (p38 MAPK), Tnfaip6, Cebpb, and Irf1, 

were significantly reduced in TTP∆ARE M-MDSCs. 

These genes are known to promote osteoclast 

differentiation, cytokine signaling, and myeloid-driven 

immune suppression. In addition, stable expression of 

TTP reprograms MDSCs by downregulating genes 

involved in the production of myeloid leukocyte 

cytokines in males and females (Supplementary Fig. 5). 

Their suppression reinforces a molecular mechanism by 

which TTP restrains the osteoclastogenic and pro-

inflammatory potential of MDSCs. This transcriptomic 

remodeling of M-MDSCs supports a systemic mechanism 

by which TTP reduces inflammaging and age-associated 

bone loss, even when skeletal outcomes differ between 

sexes. These shifts explain the reduced osteoclast activity 

and bone resorption observed in TTP∆ARE mice. 

Collectively, enhanced stability of TTP appears to 

mitigate age-related immunosenescence and 

osteoclastogenic potential of M-MDSCs, highlighting 

TTP as a potential therapeutic target to boost immune 

resilience and maintain bone health. 

This study demonstrates the critical role of TTP in 

regulating aging processes by reducing frailty, preserving 

bone integrity, enhancing immune resilience, and altering 

the transcriptomic profile of M-MDSCs. While the global 

TTP∆ARE knock-in model is not directly translatable to 

humans, future therapeutic strategies could involve 

pharmacologic modulation of TTP expression, such as 

small-molecule gene inducers or mRNA stabilizers, or 

modulators of RNA-binding and destabilizing activity, 

such as phosphorylation modifiers. These and other 

approaches to enhancing TTP activity on pro-

inflammatory mRNAs have been reviewed recently [8, 

45]. In conclusion, TTP∆ARE mice show significant 

improvements in frailty, bone health, and immune 

function with age compared to WT mice. Their increased 

bone mass, reduced osteoclastogenesis, and 

reprogrammed M-MDSC transcriptional profiles 

illustrate the role of TTP in regulating inflammation and 

immune function. These findings position TTP as a 

promising target for addressing frailty and inflammation 

associated with aging, paving the way for broader 

therapeutic exploration. Beyond bone and frailty, TTP 

modulates neuroinflammation [46], inflammation in 
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muscle [32], and cardiovascular aging [47], positioning it 

as a versatile target for multifaceted aging pathologies. 
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