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Programmed PPAR-a downregulation induces
inflammaging by suppressing fatty
acid catabolism in monocytes

Ming Wang,1,11 Yan Yan,1 Zhengguo Zhang,2 Xiaohan Yao,1 Xixi Duan,1 Ziming Jiang,2 Junfeng An,3

Peiguo Zheng,4 Yijie Han,5,6 Hao Wu,7 Zhaoqing Wang,6 Rainer Glauben,8,9 and Zhihai Qin1,6,10,*

SUMMARY

Inflammaging is associatedwithan increased riskof chronicdisease.Monocytes are
the principal immune cells for the production of inflammatory cytokines and
contribute to inflammaging in the elderly. However, the underlying mechanisms
remain largely unknown. Here, we found that monocytes from aged individuals
contained high levels of lipid droplets (LDs), and this increase was correlated
with impaired fatty acid oxidation. Downregulated peroxisome proliferator-acti-
vated receptor (PPAR)-amay be responsible for the pro-inflammatory phenotype
of monocytes in aged individuals, as it was positively correlatedwith LD accumula-
tion and increasing TNF-a concentration. Interestingly, interventions that result in
PPAR-a upregulation, such as fenofibrate treatment, TNF-a neutralization, or calo-
rie restriction, reversed theeffectof agingonmonocytes. Thus thedownregulation
of PPAR-a and LD levels inmonocytes represents a novel biomarker for inflammag-
ing. Furthermore, PPAR-a activation in the elderly may also alleviate long-term in-
flammaging, preventing the development of life-limiting chronic diseases.

INTRODUCTION

As we age, the efficiency of basic cellular processes declines and the production of pro-inflammatory cy-

tokines increases. This change is thought to be caused in part by the complex process of cellular senes-

cence and is characterized by the development of a senescence-associated secretory phenotype. The

result is sterile, systemic, chronic, low-level inflammation (SCI), which is known as inflammaging (Franceschi

et al., 2018). Inflammaging can, in turn, accelerate aging and contribute to age-associated diseases (Fer-

rucci and Fabbri, 2018). Monocytes, the precursors of most tissue macrophages, are likely to play key roles

in inducing inflammaging (Linehan and Fitzgerald, 2015; Oishi and Manabe, 2016): during normal aging,

the percentage of non-classical monocytes markedly increases and the resulting elevation in pro-inflamma-

tory cytokine levels promotes cellular senescence (Ong et al., 2018) (Fagiolo et al., 1993). Therefore, under-

standingmonocyte profiles in aging and investigating strategies to reduce inflammaging in the elderly is of

great interest (Bouchlaka et al., 2013) (Fink et al., 2009).

Recent progress in the study of immunometabolism has indicated that macrophage lipid metabolism and in-

flammatory activation are closely intertwined. For example, saturated fatty acids (SFAs) activate Toll-like recep-

tor (TLR) signaling in both human and murine macrophages to elicit inflammatory responses (Milanski et al.,

2009; Rocha et al., 2016). Mechanistically, SFAs induce endoplasmic reticulum (ER) stress by activating the c-

Jun N-terminal kinase (JNK) and nuclear factor-kB signaling pathways, which can lead to inflammation (Hu

et al., 2006; Urano et al., 2000). Conversely, fatty acid (FA) catabolism, including fatty acid oxidation (FAO), sus-

tains anti-inflammatory macrophage differentiation and attenuates ER stress and inflammatory responses in

mice and humans (Namgaladze and Brüne, 2016). Therefore, maintaining an optimal FA level is necessary to

ensure efficient mitochondrial respiration and prevent macrophage-mediated inflammation through mito-

chondrial dysfunction (Jana et al., 2019). In addition, aging is accompaniedbymodifications to nutrient sensing

andmetabolicpathways (Saareet al., 2020). Thesefindingshave ledmany toconsiderwhether lipidmetabolism

reprogramming might alleviate inflammaging by altering lipid metabolism in aging monocytes.

The steroid receptor superfamily of peroxisome proliferator-activated receptors (PPARs) has emerged as a

link between lipid metabolism and innate immunity. For example, PPAR-a agonists inhibit interferon-g
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Figure 1. Impaired FAO and LD accumulation in elderly-derived monocytes

(A–I) Blood monocytes were isolated from young and old mice. (A) Western blot analysis of p-AMPK and p-mTOR expression in each group. Representative

blots of three independent experiments are shown. (B) ATP concentrations were tested using an ATP colorimetric/fluorometric assay and normalized by the
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production and increase interleukin (IL)-4 cytokine secretion (Gervois et al., 2000). Meanwhile, Ppara�/�

mice exhibit enhanced monocyte chemoattractant protein and tumor necrosis factor (TNF)-a production

and an increased number of neutrophils andmacrophages in the bronchoalveolar lavage fluid (Delayre-Or-

thez et al., 2005). Further supporting a link between PPARs andmonocytes, long-chain FAs that accumulate

with healthy aging have been found to promote pro-inflammatory monocyte polarization via PPAR-g (Para-

rasa et al., 2016). These results suggest that PPAR activation may mediate the anti-inflammatory function of

monocytes (Masternak and Bartke, 2007).

Targeting the inflammaging process bymediating the alteredmetabolic profiles ofmonocytes is of great inter-

est.However,whetherchanges in lipidmetabolismmediate thepro-inflammatory functionofmonocytesduring

aging or the underlying mechanisms remains largely unknown. To address these questions, we characterized

lipid metabolism and inflammatory cytokine production in monocytes isolated from healthy old and young in-

dividuals. We then evaluated the effects of PPAR-amanipulation on markers of inflammaging in mice and hu-

mans. Finally, we investigated the monocyte response to PPAR-a activation as a therapeutic strategy.

RESULTS

Altered FAO and LD accumulation in elderly-derived monocytes

Normal aging is accompanied by high serum levels of TNF-a and IL-6. We first confirmed that serum TNF-a

and IL-6 levels were positively correlated with increasing age in healthy human donors (Figure S1A). Consis-

tent with these results, we also detected increased expression levels of the pro-inflammatory genes TNFA,

IL6, and CXCL1 in human monocytes (Figure S1B). Similar to the human data, TNF-a and IL-6 serum and

mRNA levels in old mice were significantly higher than those in young mice (Figures S1C and S1D). The hu-

man and murine monocytes were isolated and identified via their specific makers (Figure S2). We detected

high levels of Ly6G+CD11b+ neutrophils in the blood of old mice, indicative of an inflammatory status (Fig-

ures S3A and S3B). Taken together, these results suggest that aging monocytes exhibit a pro-inflammatory

phenotype even before infiltrating into tissues.

The central pathways of cell anabolism and catabolism, the AMPK and mTOR pathway, respectively, have

critical roles in the regulation of monocyte function. We found that AMPK signaling was markedly sup-

pressed, whereas the mTOR pathway was unaffected by aging (Figure 1A), suggesting that only catabolism

was altered in monocytes during aging. We also confirmed that monocyte metabolism was altered during

aging, as indicated by decreased ATP production and a suppressed oxygen consumption rate (OCR) (Fig-

ures 1B and 1C). Specifically, we observed that the expression of key FAO enzymes, ACADVL and HADHA,

was inhibited (Figures 1D and 1E). It seems that monocytes exhibit a pro-inflammatory phenotype during

aging, as well as an impaired FAO capacity.

Redundant FA and lipid droplet (LD) accumulation may activate pro-inflammatory signaling in macro-

phages. We next investigated whether reduced FAO in aged monocytes causes excessive FA and LD accu-

mulation. Using electron microscopy, we observed that monocytes isolated from old mice contained a

lower number of mitochondria and increased LD levels compared with monocytes from young mice (Fig-

ure 1F). We quantified LD levels using BODIPY staining, immunofluorescence microscopy, and 3D

rendering. The average LD volume in isolated monocytes from young and old mice was 2.12G 0.22 versus

15 G 1.1 mm3, respectively (Figures 1G–1I and S4).

Figure 1. Continued

protein concentration (n = 4 per group). (C) The OCR was tested in XF-96 assay medium and normalized by protein concentration. Continuous OCR

values (pmoles/min/mg protein) are shown. Each repetition involved three mice per group, and three replicates were performed. (D) Western blot

analysis of ACADVL, HADHA, and ACADM expression in each group. Representative blots of three independent experiments are shown. (E) FAO

enzyme abundance in monocytes was detected by flow cytometry. Representative mean fluorescent intensity (MFIs) and the mean MFIs are shown (n = 4

per group). (F) Morphological analysis of young and old murine monocytes by electron microscopy. (G) LDs in monocytes were stained with BODIPY

493/503 dye and then imaged under a confocal microscope before 3D rendering using Imaris software (version 9.0). (H) The mean LD volume of 50

analyzed cells. (I) LD density in monocytes from young (red line) and old (blue line) mice were analyzed by flow cytometry.

(J) Human blood monocytes were isolated by using two-step procedures, and LDs were identified in CD14+ cells by BODIPY 493/503 immunofluorescence

staining.

(K) BODIPY 493/503 MFI values in CD14+/CD16+ blood monocytes isolated from young and elderly human subjects.

(L) Correlation analysis between age and monocytes, BODIPY MFI values. (n = 30).

The resulting Spearman’s correlation coefficient (r) and corresponding p value are reported. All data represent meanG SD. **p < 0.01, ***p < 0.001; t test (B,

E, and H).
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Figure 2. PPAR-a downregulation in elderly human and mouse monocytes

(A–D) Blood monocytes were isolated from young and old mice. (A) RNA-seq analysis was performed, and data for fatty acid metabolism-related genes are

shown. (B) qRT-PCR analysis of PparmRNA expression (n = 5 per group). The data represent the meansG SD. *p < 0.05, **p < 0.01, ***p < 0.001; unpaired t
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Consistent with the mouse data, LD concentration in both CD14+ and/or CD16+ human monocytes was

also positively correlated with age (Figures 1J–1L). Furthermore, human monocyte LD density was posi-

tively correlated with serum TNF-a concentration (Figure S5). These findings suggest that abnormal FA

metabolism and LD density could reflect the pro-inflammatory features of monocytes that manifest with

aging. Notably, LD density in bone marrow-derived macrophages, blood monocytes, splenic macro-

phages, and peritoneal macrophages (PMs) was also significantly higher in old mice compared with young

mice (Figure S6). However, we found no significant difference in LD levels in B cells, T cells, and neutrophils

isolated from young and old mice (Figure S7). We thus concluded that altered lipid metabolism occurs dur-

ing the earliest stages of monocyte infiltration andmight be maintained in the tissues during the aging pro-

cess. Taken together, these results suggest that LD accumulation in aged monocytes indicates abnormal

lipid metabolism in these cells and that high LD levels may serve as a biomarker for aging monocytes.

PPAR-a expression in monocytes decreases during aging

Having shown that FA catabolism and LD accumulation in monocytes is impaired with aging, we next inves-

tigated the underlying molecular mechanisms. Using RNA sequencing (RNA-seq) analysis, we identified

1,859 upregulated genes and 1,850 downregulated genes between monocytes isolated from young and

old mice (Figures S8A–S8C). KEGG pathway enrichment analysis revealed several enriched pathways

involved in inflammation and lipid metabolism (Table S1).

Among the cell metabolism pathways, 15.7% of the altered metabolic-related genes were involved in lipid

metabolism (Figure S8D). Strikingly, the majority of the genes associated with FA metabolism were sup-

pressed in the aged monocytes (Figure 2A).

In addition to the altered FAmetabolism-associated genes, PPARs captured our attention. PPARs also have

a central role in FA metabolism, so we hypothesized that the differences observed in FA metabolism be-

tween young and old monocytes might be driven by PPARs. Similar to our RNA-seq data, Ppara was the

most significantly reduced gene among all the Ppars in mouse monocytes (Figure 2B), and we found consis-

tent results at the protein level (Figures 2C–2E).

We next tested PPAR-a expression in isolated human monocytes (the details of human donor information

can be found in Table S2, related to Figure 2). Interestingly, the PPAR-a relative expression was downregu-

lated in the elderly (>60 years) by up to 1.6-fold (Figures 2F–2H). Pearson’s correlation coefficient analysis

showed that PPAR-a protein expression markedly decreased with age (Figure 2I). Furthermore, PPAR-a

expression was negatively correlated with LD levels (Figure 2J). Taken together, these results suggest

that PPAR-a expression decreases, whereas LD levels increase with age in both human and murine

monocytes.

PPAR-a regulates FA aerobic oxidation and LD accumulation in monocytes

Having shown that with aging, monocytes show reduced FAO and LD accumulation, we next hypothesized

that this effect might be mediated by PPAR-a downregulation. MK886, a specific inhibitor of PPAR-a, mark-

edly decreased OCR and ATP production in young monocytes (Figures 3A–3C), whereas the LD levels were

clearly increased (Figure 3D).

Figure 2. Continued

test. (C) Western blot analysis of PPAR-a and PPAR-g protein expression in monocytes. Actin was used as a loading control. (D) The relative expression of

PPAR-a based on western blot data was analyzed (n = 6 per group). ***p < 0.001, t test.

(E) Immunofluorescence staining showing the LD (green) and PPAR-a (red) expression that were detected by BODIPY493/503 and PPAR-a antibody labeling.

DAPI (blue) was used to stain the nuclei.

(F) Western blot analysis of PPAR-a expression in human monocytes isolated from healthy donors (see Table S2). GAPDH was used as a loading control.

(G) Relative PPAR-a expression levels (to GAPDH) were determined by gray scale analysis; the relative expression in young (<60 years, n = 43) and old (>60

years, n = 14) groups were analyzed.

(H and I) (H) Immunofluorescent labeling of LD (green) and PPAR-a (red) in young and old human CD14+monocytes (violet). DAPI (blue) was used to stain the

nuclei. (I) The correlation of PPAR-a expression with age was analyzed.

(J) LD levels in humanmonocytes were determined by BODIPY 493/503 staining and flow cytometric analysis. The correlation with PPAR-a relative expression

is presented. (I and J)

The resulting Spearman’s correlation coefficient (r) and corresponding p value are reported. The data represent the mean G SD. **p < 0.01, t test.
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Figure 3. PPAR-a mediates FAO and LD accumulation in monocytes

(A–D) Monocytes were isolated from young mice. (A) Western blot analysis of PPAR-a and HADHA protein levels in monocytes treated with the indicated

concentrations of the PPAR-a inhibitor MK886. (B–D) Monocytes were treated with MK886 (0.5 nM). Continuous OCR values (B), ATP concentrations (C), and

LD levels (D) were detected.

(E–H) MSC2 cells were transfected with Crispr-cas9 lentiviral-sg Ppara knockdown vectors. The transfection efficiency was assessed by western blot analysis

(E). The continuous OCR (F), ATP levels, (G) and LD levels (H) in MSC2 and Ppara knockdown cells were examined.

(I–L) Western blot analysis of PPAR-a and HADHA expression (I), OCR values (J), ATP levels (K), and LD levels (L) in monocytes isolated from old mice treated

with the indicated concentrations of fenofibrate.
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To further confirm the involvement of PPAR-a, we established a Ppara knockout cell line MSC2 (myeloid

suppressor cells-2, denoted as MSC2-C4). Compared with MSC2 control cells, MSC2-C4 cells showed

significantly reduced OCR and ATP production but increased LD density (Figures 3E–3H). These findings

suggest that PPAR-a helps to regulate FAO and to suppress LD accumulation.

We then conducted reciprocal experiments. Upon treating monocytes isolated from old mice treated with

the PPAR-a agonist fenofibrate, we observed a dose-dependent upregulation of PPAR-a expression (Fig-

ure 3I). This upregulation led to increased OCR and ATP production and decreased LD levels in monocytes

from old mice (Figures 3J–3L). We confirmed these findings by stably over-expressing Ppara in MSC2-C4

cells (denoted as MSC2-C4-OE3 cells and established from MSC2-C4 cells; Figures 3M–3P).

Moreover, LD levels were significantly increased in Ppara whole-body knockout mouse monocytes isolated

at 4 and 20 weeks of age, compared with littermate wild-type (WT) mice (Figures 3Q and 3R). Tnfa and Il-6

mRNA expression levels in Ppara�/- monocytes were also significantly increased (Figure 3S). These findings

suggest that PPAR-a downregulation impairs FAO in aged monocytes. This leads to LD accumulation and

elevated inflammatory cytokine production in monocytes with age.

TNF-a in the aging microenvironment promotes PPAR-a downregulation in monocytes

The local environment determines macrophage polarization (Sica and Mantovani, 2012) (Mahbub et al.,

2012). Thus, we next explored whether the aged cell microenvironment could affect PPAR-a expression

in monocytes. To do so, we established a bone marrow (BM) transplantation experiment (Figure 4A) and

found that Ppara expression in young, donor-derived monocytes was significantly reduced in old recipient

mice (Figures 4A and 4B). In contrast, Ppara expression in monocytes from oldmice (which was already rela-

tively low at the baseline) was prominently upregulated in the young blood microenvironment (Figures 4C

and 4D). This result suggests that the local microenvironment does serve a role in reducing Ppara expres-

sion in aged monocytes.

The local aged tissue environment also upregulated Tnfa and Il6 expression in young mice that were trans-

planted withmonocytes isolated from oldmice (Figures 4E and 4F). In contrast, when BM cells isolated from

old mice were injected into young mice, the expression of Tnfa and Il6 in monocytes (which was initially

high) was significantly reduced in the recipients (Figure 4F). These data further confirm that PPAR-a down-

regulation induces the polarization of a senescent, inflammatory monocyte type.

However, we still needed to understand how the aging microenvironment inhibited PPAR-a expression in

monocytes. When we analyzed the correlation between PPAR-a and TNF-a/IL-6 expression in healthy hu-

man blood samples, we found that TNF-a, but not IL-6, showed a weak correlation with PPAR-a downre-

gulation (p = 0.0148, r = 0.1943; Figure S9). To investigate the effect of TNF-a on the downregulation of

PPAR-a, we stimulated blood monocytes from young mice with either TNF-a or IL-6. Interestingly, TNF-

a stimulation significantly reduced PPAR-a expression in monocytes in a dose-dependent manner, whereas

IL-6 had no such effect (Figure 4G, 4H, and S10A). Similarly, TNF-a downregulated PPARa expression of

human monocytes (Figures S10B and S10C). Furthermore, TNF-a stimulation induced LD accumulation

in monocytes (Figure 4I). These results suggest that TNF-a expression in the aging microenvironment

might play a key role in the downregulation of PPAR-a.

Fenofibrate reprograms FAO in monocytes and alleviates aging-associated inflammation in

mice and humans

Thus far, our data suggest that monocytes develop pro-inflammatory properties with aging. To investigate

whether PPAR-a activation could alleviate monocyte-derived inflammation, we treated old mice with feno-

fibrate, an activator of PPAR-a. We found that fenofibrate treatment significantly reduced LD accumulation

and Il6 and Tnfa expression in monocytes (Figures 5A and 5B). Notably, after fenofibrate treatment, LD

Figure 3. Continued

(M–P) MSC2-C4 (Ppara�/�) cells were infected with lentiviral PPARA overexpression vectors. The transfection efficiency was examined by western blot

analysis (M), and the OCR values (N), ATP levels, (O), and LD concentrations (P) were determined in MSC2-C4 and MSC2-C4-OE3 (PPAR-a overexpression)

cells.

(Q–S) Blood monocytes were isolated fromWT or Ppara�/- mice. PPAR-a protein levels were determined by western blot (Q), and LD levels (S) and Tnfa and

Il6 mRNA expression was detected in monocytes isolated from 4- and 20-week-old mice. (n = 4 per group).

All experiments were replicated at least three times. The data represent the mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001; t test.
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Figure 4. The aging microenvironment suppresses Ppara expression in murine monocytes

(A) EGFP+ BM cells (106) were isolated from youngmice and transplanted into wild-type (WT) young or old mice. After 7 days, the CD45+ CD11b+ monocytes

were sorted by fluorescence-activated cell sorting (FACS).

(B) qRT-PCR analysis of PparamRNA expression in EGFP+ (donor) or EGFP� (recipient) bloodmonocytes isolated from young and old mice (n = 5 per group).
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accumulation and TNF-a and IL-6 serum levels were significantly reduced in old mice (Figures 5C and 5D),

supporting the anti-inflammatory effects of PPAR-a expression in vivo.

In our next analysis, we aimed to determine whether fenofibrate could be used to effectively reduce inflam-

mation in human patients. Here, we found that fenofibrate treatment (200 mg/day, 7 days, details of pa-

tients information are listed in Table S3, related to Figure 5) strongly upregulated PPAR-a expression in

monocytes isolated from hypertriglyceridemia patients 1, 3, 4, and 5 (Figure 5E). This PPAR-a activation

induced FAO renewal in aged monocytes, as indicated by the upregulation of HADHA expression (Fig-

ure 5E) and a reduction in LD accumulation (Figure 5F). Fenofibrate treatment also decreased TNF-a

and IL-6 serum levels and mRNA expression in monocytes (Figures 5G and 5H). In summary, these findings

suggest that fenofibrate treatment promotes FAO inmonocytes and attenuates inflammatory cytokine pro-

duction both in vitro and in vivo.

TNF-a neutralization and calorie restriction reverse the pro-inflammatory features of aged

monocytes

Increased TNF-a expression in the aging cell microenvironment polarizes monocytes to an aged profile by

downregulating PPAR-a expression. Interestingly, TNF-a neutralization significantly upregulated PPAR-a

expression and reduced LD accumulation in aged monocytes (Figures 6A and 6B). Furthermore, the serum

concentrations of TNF-a and IL-6 were also notably decreased after TNF-a neutralization (Figure 6C).

Calorie restriction (CR) has also been proposed to delay inflammaging, so we also investigated whether the

pro-inflammatory characteristics of aged monocytes might be affected by CR. Compared with mice fed a

normal diet, monocytes from CR-fed (60% of normal diet) old mice showed significantly reduced Tnfa and

Il6 expression (Figure 6D). Moreover, CR reactivated the suppressed AMPK signaling in monocytes derived

from old mice (Figure 6E). As expected, the mTOR pathway was not significantly altered in monocytes iso-

lated from either CR or normal mice. We confirmed this reprogramming of CR-induced monocytes by de-

tecting reduced LD density in monocytes taken from agedmice (Figure 6F). Together, these results suggest

that CR might reverse the pro-inflammatory phenotype and reprogram the catabolism of monocytes in

aging.

Having shown that CR attenuated Tnfa and Il6 mRNA expression, we finally investigated how CR affects

PPAR-a expression. Interestingly, CR dramatically increased PPAR-a expression (Figure 6G) and reduced

TNF-a and IL-6 secretion in old mice (Figure 6H). In addition, CR failed to rescue LD accumulation and

Tnfa/Il6 high expression in Ppara�/- mice monocytes (Figure S11). These data suggest that CR might repre-

sent a viable strategy to target PPAR-a in a drug-free manner.

DISCUSSION

Monocytes derived from aged individuals secreted more inflammatory cytokines than those taken from

young individuals, which may contribute to inflammaging during aging. However, previous studies have

failed to determine the underlying mechanisms. Here, we found that circulating monocytes exhibit a

pro-inflammatory phenotype during aging that is characterized by LD accumulation. Further analyses sug-

gested that this accumulation was induced by suppression of PPAR-a-driven FAO. Interestingly, TNF-a in

the aged, inflammatory cell microenvironment inhibited PPAR-a expression in monocytes and accelerated

the switch to a pro-inflammatory profile. Using PPAR-a activation, we were able to increase FA consump-

tion by monocytes, and this effect might ultimately lead to a reduction in inflammaging during aging.

A dysregulated immune response that confers SCI is a major change known to occur during aging. This is

the long-term result of chronic physiological stimulation of the innate immune system, which occurs in later

life (van Beek et al., 2019). Monocytes are potent producers of pro-inflammatory cytokines (Puchta et al.,

Figure 4. Continued

(C and D) (C) EGFP+ BM cells (106) were isolated from old mice and transplanted into young and old WT mice. (D) qRT-PCR analysis of Ppara mRNA

expression in monocytes (n = 5 per group).

(E and F) Relative Tnfa and Il6mRNA expression in young and old recipient mice, determined by qRT-PCR (n = 5 per group). The data represent the meansG SD.

(G and H) Blood monocytes isolated from young mice were daily stimulated with either mouse IL-6 (50–500 ng/mL) or TNF-a (50–500 ng/mL) for 7 days; the

relative expression of PPAR-a was detected by qRT-PCR (G) and western blot analysis (H); GAPDH was used as a loading control.

(I) The LD level in TNF-a-treated monocytes was detected. *p < 0.05, **p < 0.01, ***p < 0.001; t test.
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2016) and thus are speculated to play a key role in SCI and inflammaging. In our study, we confirmed that

circulating IL-6 and TNF-a levels increased with age, and with this in mind, we speculated that targeting

monocytes during aging may represent a useful strategy to alleviate inflammaging.

Figure 5. Fenofibrate reverses the pro-inflammatory phenotype of aged monocytes

(A and B) Old mice were injected (intraperitoneally) with fenofibrate (200mg/kg/day for 7 days). (A) LD levels were detected by BODIPY 493/503 staining and

flow cytometry (B) and Il6, Tnfa, Ccl2, Cxcl1, and Il10 expression in monocytes in aging was determined by qRT-PCR (n = 6 per group).

(C and D) Blood monocytes were isolated from aged mice before or after fenofibrate treatment for 7 days. The LD levels were assayed by FACS (C), and

serum TNF-a and IL-6 levels were detected by ELISA (D) (n = 8).

(E–H) Patients with hypertriglyceridemia (n = 8) were treated with fenofibrate (200 mg/day) for 7 days, and blood samples were collected before or after

treatment (see Table S3). (E) PPAR-a and HADHA expression was determined by western blot analysis. (F) LD levels were determined by BODIPY 493/503

staining and flow cytometry. The representative MFI of blood monocytes is shown. (G) TNFA and IL-6 mRNA levels were measured by qRT-PCR. (H) The

serum TNF-a and IL-6 levels were detected by ELISA (n = 8).

The data represent the mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001; t test.
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Macrophage polarization and functions are under metabolic control (Namgaladze and Brüne, 2016). FAO

has a central role in regulating innate and adaptive immunity: it provides energy for anti-inflammatory

macrophage polarization and modulates inflammatory signatures (Divakaruni et al., 2018). FAO can also

reduce palmitate-mediated inflammation and ER stress by accelerating FA catabolism in macrophages

(Namgaladze et al., 2014). Monocytes are precursors of tissue macrophages, and their polarization is medi-

ated by metabolic processes. We revealed that circulating monocytes in old mice have a different meta-

bolic gene expression profile than those in young mice. This altered profile is characterized by suppressed

FA catabolism. Further experiments confirmed that ATP production is downregulated in aged monocytes,

OCR is suppressed, and FAO capacity is reduced. We propose that this impairment is a key driver of mono-

cyte dysfunction in aging.

Although FAO is characteristic of anti-inflammatory macrophages, FAO dysfunction and lipid overload can

activate the pro-inflammatory profile of macrophages. For example, an increase in lipid uptake mediates

mitochondrial dysfunction and FAO impairment by increasing reactive oxygen species production, which

Figure 6. TNF-a neutralization or CR reprograms the catabolism of aged monocytes

(A–C) Old mice were intravenously injected with 100 ng/day tmTNF-a or IgG for 7days. The blood monocytes were isolated and the PPAR-a expression was

detected by western blot analysis, and actin was used as a loading control. (B) The LD level in monocytes was measured. (C) TNF-a and IL-6 serum

concentration were measured by ELISA (n = 4 mice per group).

(D–G) Young and old mice were fed a normal diet or underwent CR for 7 days before monocytes were isolated. (D) Tnfa and Il6 expression were analyzed by

qRT-PCR (n = 6 mice per group). (E) p-AMPK and p-mTOR levels were detected by western blot analysis. Representative blots of three independent

experiments are shown. (F) LD density was detected by BODIPY 493/503 staining and flow cytometry. The representative MFI of blood monocytes is shown.

(G) PPAR-a protein expression was detected by western blot.

(H) Serum TNF-a and IL-6 levels in CR-induced old mice were measured by ELISA (n = 6 mice per group).

Data represent the mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA (D), t test (C, F, and H).
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promotesmacrophage inflammatory polarization and atherosclerosis (Namgaladze and Brüne, 2016). Lipid

overload also promotes the polarization of inflammatory adipose tissue macrophages (Thomas and Apo-

vian, 2017). Our data suggest that FAO dysfunction and lipid overload might induce the functional prop-

erties of both aged murine and human monocytes, although the underlying mechanisms still need to be

fully investigated.

LD was initially described as an organelle found in adipocytes for fat storage, but increasing evidence sug-

gests that LD has a vital role in lipid metabolism and immune regulation in other cell types (den Brok et al.,

2018; Fujimoto and Parton, 2011; Olzmann and Carvalho, 2019). Indeed, a high level of cytoplasmic LDs in

immune cells is considered an initiator of inflammation (Melo and Weller, 2016). For example, LD accumu-

lation in tissue leukocytes has been observed in patients with inflammatory arthritis, acute respiratory

distress syndrome, bacterial sepsis, and mycobacterial infection (Mattos et al., 2010). Similarly, our human

data suggest that there is a high level of LDs inmonocytes isolated from elderly subjects and high TNF-a/IL-

6 levels in the serum. Thus, we conclude that LD density in monocytes might serve as an indicator of inflam-

maging in the elderly. Going forward, it might be worth screening for people who would benefit from

intervention against inflammaging by detecting LD volume in monocytes isolated from their blood.

Then, we could select themost appropriate cohort to investigate the therapeutic effects of anti-inflammag-

ing approaches.

Based on our findings, we propose that reducing LD accumulation in aged monocytes might be a potential

strategy to delay inflammaging. D’Avila et al. demonstrated that phagocytosis is neither essential nor suf-

ficient for LD formation in macrophages (Bozza et al., 2007; D’Avila et al., 2006). Other groups have found

that TLR-mediated pathogen recognition can induce LD formation in macrophages (Perlemuter et al.,

2002). In this study, we found that the expression of FA catabolism-associated genes was decreased in

aged monocytes. We thus speculate that FAO downregulation results in FA accumulation and ultimately,

LD formation. However, whether LD directly induces inflammatory gene expression or whether this is medi-

ated by other inflammatory pathways requires further investigation.

PPARs are the predominant regulators of lipid metabolism (Gervois et al., 2000). Both mitochondrial and

peroxisomal FAO-related genes can be activated by PPAR-a, whereas PPAR-g mainly targets FA uptake

and storage (Han et al., 2017). Aging has also been reported to impair mitochondrial respiratory capacity

in monocytes, which may cause increased oxidative stress and DNA damage (Pence and Yarbro, 2018). We

also found that the number of mitochondria in elderly monocytes were reduced, which suggests that aging

resulted in the impaired aerobic oxidation in monocytes. Furthermore, it was PPAR-a, rather than other

isoforms, that was significantly reduced in aged monocytes, and the expression of PPAR-a in human mono-

cytes was negatively correlated with both age and LD level. When PPAR-a was activated in mice using

fenofibrate, LD density and pro-inflammatory cytokine production in old, isolated monocytes were signif-

icantly reduced. Although fenofibrate is not a specific agonist of PPAR-a, it still reversed the profile of aged

monocytes and upregulated PPAR-a. More specific molecules that could activate PPAR-a without side ef-

fects need to be identified in future studies.

The extrinsic aged cell microenvironment contains high levels of pro-inflammatory factors that can affect

macrophage function (Linehan and Fitzgerald, 2015). Our BM transfer experiments indicated that Ppara

gene expression in monocytes is significantly downregulated in the aged cell microenvironment and,

furthermore, that these expression levels recovered when the monocytes were injected into young mice.

Previous studies have suggested that PPAR-a expression can be inhibited by TNF-a in the rat liver (Beier

et al., 1997). It is possible, therefore, that TNF-a is involved in the pathway that ultimately triggers macro-

phage polarization with aging. Our results suggested the presence of a weak correlation between serum

TNF-a concentration and monocytic PPAR-a level, and TNF-a stimulation reduced PPAR-a expression in

monocytes. Furthermore, TNF-a neutralization in vivo significantly reduced lipid overload in monocytes

taken from aging mice, as well as the concentration of circulating cytokines. We therefore speculate that

increased TNF-a levels in aged mice might accelerate monocyte aging by downregulating PPAR-a expres-

sion; the resulting FAO impairment and pro-inflammatory cytokine elevation would subsequently aggra-

vate inflammaging. However, the underlying mechanisms still need further exploration.

Our clinical data also confirmed that fenofibrate has great potential for attenuating monocyte-induced

inflammation in aging. However, we only tested the therapeutic benefits of fenofibrate on cells isolated
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from patients with hyperlipidemia; its curative and adverse effects on healthy elderly people remain un-

known. Thus, a method that increases PPAR-a activity would be highly beneficial.

Data obtained from various model systems suggest that CR can help extend lifespan. The underlying

mechanisms seem to involve the downregulation of insulin and mTOR signaling, and concomitant activa-

tion of the NAD-dependent protein deacetylase sirtuin 1 (Lee and Longo, 2016). Alterations to these path-

ways activate autophagy, stress defenses, and survival pathways while attenuating pro-inflammatory

responses (Barzilai et al., 2012). In macrophages, CR can decrease endotoxin-elicited pro-inflammatory

mediator production in rat alveolar macrophages (Dong et al., 1998) and increase prostaglandin E2 secre-

tion in mice PMs (Stapleton et al., 2001). Although CR is known to increase hepatic PPAR-a-mediated FAO

and whole-body fat oxidation rates in rats (Takemori et al., 2011), its effect on monocytes in the context of

aging was unknown before this study. Our results demonstrated that CR activates PPAR-a-induced catab-

olism in aged monocytes; thus, it seems that CR might also serve to suppress LD accumulation and pro-in-

flammatory production in aging. We speculate that CR could reduce FA and lipid synthesis and accelerate

FA catabolism to provide energy and maintain monocyte function. Reducing free FA serum levels would

likely suppress the activation of inflammatory pathways in monocytes, and the mechanistic details now

require further investigation.

Taken together, our results show that with aging, monocytes accumulate LDs and start to produce high

levels of pro-inflammatory cytokines. It seems that it is the downregulation of PPAR-a expression that drives

this polarization of monocytes with age, and this ultimately impairs FAO. TNF-a neutralization reversed

PPAR-a downregulation induced by the aged microenvironment, whereas fenofibrate and CR activated

PPAR-a-induced FA catabolism. All these PPAR-a activation strategies ultimately attenuate monocyte-

driven inflammation, and this suggests that reprogramming monocytic FA metabolism might be a useful

therapeutic intervention to reduce inflammaging. The present study clears that the long-term effects of

PPAR-a activation on anti-inflammaging in healthy, elderly subjects warrants a future longitudinal and

large-scale analysis.

Limitations of the study

This study indicated that downregulated PPAR-a may be responsible for the pro-inflammatory phenotype

of monocytes in aged individuals. In addition, increased TNF-a levels in agedmice might accelerate mono-

cyte aging by downregulating PPAR-a expression. However, the underlying mechanisms of how TNF-a

regulates PPAR-a need to be investigated. Furthermore, in the present study, fenofibrate did inhibit the

pro-inflammatory features of monocytes by increasing their FAO capacity, although not all patients showed

clear downregulation of inflammatory cytokines in response to fenofibrate treatment. Thus, more work is

needed to understand how PPAR-a-induced FAO regulates inflammatory cytokine secretion in aged

monocytes, and which patients might benefit from PPAR-a activation.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENTS or RESOURCES SOURCE IDENTIFIER

Antibodies

Anti-phospho-AMPKa used at 1:1000 Cell Signaling Technology Cat # 2535; RRID: AB_331250

Anti- AMPKa used at 1:1000 Cell Signaling Technology Cat #2603; RRID: AB_490795

Anti-phospho-mTOR(Ser2481) antibody used

at 1:1000

Cell Signaling Technology Cat # 2974; RRID: AB_2262884

Anti-phospho-mTOR(Ser2448)Antibody used

at 1:1000

Cell Signaling Technology Cat # 2971; RRID: AB_330970

Anti-mTOR antibody used at 1:1000 Cell Signaling Technology Cat # 2972; RRID: AB_330978

Anti-ACADM antibody used at 1:500 Abcam Cat # ab118183

Anti-ACADVL antibody used at 1:500 Abcam Cat # ab118183

Anti-HADHA antibody used at 1:500 Abcam Cat # ab118183

Anti-PPAR-a antibody used at 1:1000 Abcam Cat # ab191226

Anti-PPAR-a antibody used at 1:1000 Abcam Cat # ab24509; RRID: AB_448110

Anti-PPAR-g antibody used at 1:1000 Cell Signaling Technology Cat # 2435, RRID: AB_2166051

Anti-GAPDH antibody used at 1:2000 Cell Signaling Technology Cat # 5174; RRID: AB_10622025

Anti-ACTIN antibody used at 1:2000 Cell Signaling Technology Cat # 4970; RRID: AB_2223172

Rabbit anti-mouse IgG mAb at 1:3000 Cell Signaling Technology Cat # 58,802; RRID: AB_2799549

Mouse anti-rabbit IgG mAb at 1:3000 Cell Signaling Technology Cat # 45,262; RRID: AB_2799281

Purified rat anti mouse CD16/CD32 BD Bioscience Cat # 560051

Anti-mouse CD45 alexa fluor 700 use at 1:100 Biolegend Cat # 103128; RRID: AB_493715

Anti-mouse F4/80 APC/Cyanine7 use at 1:100 Biolegend Cat # 123117; RRID: AB_893489

Anti-mouse/human CD11b FITC use at 1:100 BD Bioscience Cat # 553310; RRID: AB_394774

Anti-mouse CD4 APC/Cyanine7 use at 1:100 Biolegend Cat # 1004141; RRID: AB_312699

Anti-mouse CD8b APC/Cyanine7 use at 1:100 Biolegend Cat # 126619; RRID: AB_2563950

Anti-mouse Ly-6G APC use at 1:100 Biolegend Cat # 127614; RRID: AB_2227348

Anti-human CD45 PE use at 1:100 Biolegend Cat # 304008; RRID: AB_314396

Anti-human CD14 FITC use at 1:100 Biolegend Cat # 301804; RRID: AB_31,418

Anti-human CD14 APC/Cyanine7 use at 1:100 Biolegend Cat # 325620; RRID: AB_830693

Anti-human CD16 PE/Cy5 use at 1:100 Biolegend Cat # 302009; RRID: AB_314209

DAPI Boster Cat # AR1176

BODIPY� 493/503 Thermo Fisher Cat #D3922

Donkey anti-mouse IgG (H + L) secondary

antibody alexa Fluor� 488 conjugate

Thermo Fisher Cat # A-21202; RRID: AB_141607

Donkey anti-mouse IgG (H + L) secondary

antibody alexa Fluor� 555 conjugate

Thermo Fisher Cat # A-31570; RRID: AB_2536180

Biological samples

Healthy blood (n = 102) The First affiliated Hospital of ZhengZhou

University

http://fcc.zzu.edu.cn/

Hypertriglyceridemia patient derived blood

(n = 8)

The First affiliated Hospital of ZhengZhou

University

http://fcc.zzu.edu.cn/

Mouse blood samples (C57/6J background) Animal center of ZhengZhou University http://www5.zzu.edu.cn/dwsyzx/info/1012/

1027.htm

(Continued on next page)
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Continued

REAGENTS or RESOURCES SOURCE IDENTIFIER

Critical commercial assays

Fatty acid oxidation assay kit Abcam Cat # ab118183

Human IL-6 ELISA MAX� deluxe Biolegend Cat # 430504

Human TNF-a ELISA MAX� deluxe Biolegend Cat # 430204

Mouse IL-6 ELISA MAX� deluxe Biolegend Cat # 431304

Mouse TNF-a ELISA MAX� deluxe Biolegend Cat # 431904

Oligonucleotides

sgRNAs target sequence Ppara1,

CACCGCCCGTGATCCCCGCCAGCA,

AAACTGCTGGCGGGGATCACGGGC

This paper https://www.sangon.com/

sgRNAs target sequence Ppara2,

CACCGCCGTGCTGGCGGGGATCAC;

AAACGTGATCCCCGCCAGCACGGC

This paper https://www.sangon.com/

sgRNAs target sequence Ppara3,

CACCGTAGACACCCTCTCTCCAGCTTC;

AAACGAAGCTGGAGAGAGGGTGTCTAC

This paper https://www.sangon.com/

sgRNAs target sequence Ppara4,

CACCGCCTCTTCCATCTGTAGACACCC;

AAACGGGTGTCTACAGATGGAAGAGGC

This paper https://www.sangon.com/

TNFA forward: CTCTTCTGCCTGCTGCA

CTTTG

This paper N/A

TNFA reverse: ATGGGCTACAGGCTTG

TCACTC

This paper N/A

CXCL1 forward: GCCAGTGCTTGCAGACCCT This paper N/A

CXCL1 reverse: GGCTATGACTTCGGT

TTGGG

This paper N/A

CCL2 forward: TCATAGCAGCCACCTT

CATTC

This paper N/A

CCL2 reverse: TAGCGCAGATTCTTGGGTTG This paper N/A

IL6 forward: ACTCACCTCTTCAGAAC

GAATTG

This paper N/A

IL6 reverse: CCATCTTTGGAAGGTTC

AGGTTG

This paper N/A

IL8 forward: GAGAGTGATTGAGAGTGG

ACCAC

This paper N/A

IL8 reverse: CACAACCCTCTGCACCCAGTTT This paper N/A

IL10 forward: GGTTGCCAAGCCTTGTCTGA This paper N/A

IL10 reverse: AGGGAGTTCACATGCGCCT This paper N/A

GAPDH forward: GCTCCCTCTTTCTTTG

CAGC

This paper N/A

GAPDH reverse: ACCATGAGTCCTTCC

ACGAT

This paper N/A

Tnfa forward: AAAGACCAGGTGGAGTGG

AAGAAC

This paper N/A

Tnfa reverse: CTCAGTGCCGATGGAGTC

CGAGTA

This paper N/A

Cxcl1 forward: CAAGGCTGGTCCATGCTCC This paper N/A

(Continued on next page)
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RESOURCE AVAILABLITY

Lead contact

Further information and requests for resources and regents should be directed to and will be fulfilled by the

lead contact, Dr. Wang Ming (wangmingheda@163.com).

Materials availability

All unique/stable reagents and mouse lines used in this study are available from the lead contact with a

completed Materials Transfer Agreement.

Data and code availability

The datasets generated and analyzed during the study are included with the published manuscript (and

supplemental information). All other data are available from the corresponding author upon request.

The RNA sequencing data was uploaded in the Sequence Read Archive (SRA) database: SRR12130588-

SRR12130592.

Continued

REAGENTS or RESOURCES SOURCE IDENTIFIER

Cxcl1 reverse: TGCTATCACTTCCTTTCT

GTTGC

This paper N/A

Ccl2 forward: TTTTGTCACCAAGCTCA

AGAGA

This paper N/A

Ccl2 reverse: ATTAAGGCATCACAGTCC

GAGT

This paper N/A

Il6 forward: TGGGGCTCTTCAAAAGCTCC This paper N/A

Il6 reverse: AGGAACTATCACCGGATC

TTCAA

This paper N/A

Il8 forward: ATGACTTCCAAGCTGGCC

GTGGCT

This paper N/A

Il8 reverse: TCTCAGCCCTCTTCAAAA

ACTTCTC

This paper N/A

Il10 forward: CCCATTCCTCGTCACGATCTC This paper N/A

Il10 reverse: TCAGACTGGTTTGGGAT

AGGTTT

This paper N/A

Gapdh forward: TCTCTGCTCCTCCCTGTTCC This paper N/A

Gapdh reverse: TACGGCCAAATCCGT

TCACA

This paper N/A

Ppara forward: TGGTGTTCGCAGCTGTTTTG This paper N/A

Ppara reverse: AGATACGCCCAAATGCACCA This paper N/A

pEX5 (pGCMV/EGFP/MCS/Neo) plasmid GENECAM N/A

PPARa over-expression plasmid GENECAM N/A

Recombinant DNA

Software and algorithms

Seahorse Explorer analaysis program - https://www.agilent.com/zh-cn/products/cell-

analysis/seahorse-analyzers

FlowJo v.10 FlowJo https://www.flowjo.com/solutions/flowjo

Imaris v.9 OXFORD https://imaris.oxinst.com/versions/9

GraphPad prism version 7 for Windows GraphPad software https://www.graphpad.com/

ImageJ - https://imagej.nih.gov/ij/
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human samples

All human samples were obtained from healthy donors (n = 102; male, 54; female, 48; age, 20–82 years;

average age, 49.8 G 19 years) or hypertriglyceridemia patients (n = 8, male, 4; female 4; average age,

55.8 G 6.9 years) after physical examination in the First Affiliated Hospital of ZhengZhou University

(ZhengZhou, China). Blood samples were collected following the standards of the Ethics Committee of

ZhengZhou University (Ethics Number: KY249). Blood from patients with hypertriglyceridemia was

collected before and after fenofibrate (200mg/day; Abbott Laboratories limited; Shanghai, China) admin-

istration for 7 days. All blood samples were stored in 7 mL anticoagulation tubes (BD Biosciences, Franklin

Lakes, NJ, USA), and the serum and cells were separated for further experiments. Human donor informa-

tion is listed in Table S2. Hypertriglyceridemia patient characteristics are summarized in Table S3.

Animals

Female C57BL/6J mice or EGFP mice were 8–80 weeks of age and purchased from the Vital River Labora-

tory Animal Technology Company (Beijing, China); Ppara knockout mice were generated at the Cyagen

Biosciences (SuZhou, China). All the mice were housed in IVC cages on racks in a room with controlled tem-

perature (22–25�C) and humidity (40–60%), and were subjected to 12 hr light/dark cycles in a specific path-

ogen-free (SPF) facility. All the mice had ad libitum (AL) access to sterilized water and maintenance diet,

except the CRmice. CRmice received 60% of the food consumed by the AL animals. All animal experiments

were in accordance with protocols approved by the Institutional Animal care and Use Committee of

ZhengZhou University. Mice were euthanized with isoflurane, and tissues were collected for further

experiments.

METHODS DETAILS

Primary blood monocytes isolation and cell culture

Human or murine blood monocytes were collected and purified using gradient Ficoll-Hypaque (Sigma-Al-

drich; Merck KGaA, Darmstadt, Germany) and the Negative Selection Monocyte Isolation kit (STEMCELL

Technologies, Vancouver, Canada). The fresh isolated monocytes were cultured in RPMI1640 medium (Hy-

Clone, Logan, UT, USA) supplemented with 10% FBS (PAN Biotech, Aidenbach germany), 100 IU/mL peni-

cillin and 100 mg/mL streptomycin (Gibco, Waltham, MA, USA) at 37�C in a 5% CO2 incubator. To further

test the effect of TNF-a and IL-6 on PPARa expression, monocytes were stimulated with 50ng/ml GM-

CSF (BioLegend, San Diego, CA, USA), and different dose of TNF-a and IL-6 (Biolegend, San Diego, CA,

USA) for 7 days. The macrophages cell lines RAW264.7 andMSC2 were also cultured in RPMI1640 complete

medium.

Human and mouse serum ELISA

To determine serum TNF-a and IL-6 protein concentration, human or mouse blood samples were isolated

rapidly after high-speed centrifugation (300g, 10 min) at 4�C. Human or mouse plasma concentrations of

TNF-a and IL-6 were measured using their specific ELISA Ready -SET-GO-Assay according to the manufac-

turer’s protocol (BioLegend, San Diego, CA, USA). The details of the ELISA Kits are provided in the Key Re-

sources Table.

Flow cytometry

Anti-human CD45-PE; anti-human-CD14-APC/Cyanine7; anti-human-CD16-PE/Cy5; anti-mouse-CD45-

Alexa Fluor 700; anti-mouse F4/80-APC/Cyanine7; anti-mouse/human CD11b-FITC; anti-mouse Ly-6G-

APC; anti-mouse CD4-APC/Cyanine7; anti-mouse CD8b-APC/Cyanine7 were used for flow cytometric

analysis in this study. Humanmonocytes were identified as CD45+CD14/CD16+. Mousemonocytes, neutro-

phils and T cells were identified as CD45+CD11b+, CD11b+ly6G+ and CD4+/CD8+ respectively. To analyze

the LD concentration in blood monocytes or other immune cells, the isolated monocytes or immune cells

were incubated with 2 mM Bodipy493/503 (D3922, Thermo Fisher Scientific, California, USA) staining solu-

tion in the dark for 15 min at 37�C. After washing 3 times with PBS, cells were stained with theirs surface

markers for 30min at 4�C. Data were acquired on an FACSCanto II (BD Biosciences, Franklin Lakes, NJ,

USA) and analyzed with FlowJo v10.
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FAO enzyme measurements

FAO analysis was performed using a Fatty Acid Oxidation Flow Cytometry kit (ab118183, Abcam, Cam-

bridge, UK). Levels of the FAO cycle enzymes ACADVL, ACADM and HADHA were determined according

to the manufacturer’s protocol. Briefly, the isolated mouse blood monocytes were washed with PBS, fixed

in 4% Paraformaldehyde for 15 min, permeabilized with 0.1% Triton X- and unspecific binding was blocked

(5% BSA). Primary antibodies (ACADVL, ACADM and HADHA) were applied 1 hr at 4�C, secondary anti-

bodies (Alexa Fluor 488, Thermo Fisher Scientific) for 1 hr at 25�C. The fluorescence for each enzyme

was measured in FACSCanto II (BD Biosciences, Franklin Lakes, NJ, USA) and analyzed with FlowJo v10.

Confocal microscopy and BODIPY staining

Monocytes were seeded on culture dishes (35mm, glass bottom, Thermo Fisher Scientific) 12 hr before

staining. For LD staining, cells were stained by 2 mM Bodipy493/503(D3922, Thermo Fisher Scientific) for

30 min and then washed with PBS, fixed by 4% Paraformaldehyde for 10min. Following stained with primary

antibodies (CD14-APC/Cyanine7 and rabbit anti human PPAR-a) for 30 min at 4�C, monocytes were incu-

bated with secondary antibodies (Alexa Fluor 555, Thermo Fisher Scientific) for 30 min at 4�C. Images were

acquired using a Leica confocal microscope (Leica, Wetzlar, Germany). The LD density were measured by

3D rendering using Imaris 9 software (OXFORD).

Western blot analysis

Standard protocols were used for Western blot analyses. Briefly, monocytes were lysed using RIPA

lysis buffer (20mM Tris-HCl pH7.8, 150mM NaCl, 1% (v/v) NP-40, 0.05% (w/v) Sodium Deoxycholate, 0.4%

(w/v) SDS) and supplemented with 1% protease inhibitor cocktail (P8340, Sigma-Aldrich, St Louis, MO,

USA) and 1 mM phenylmethylsulfonyl fluoride (PMSF) for 30 min. Protein concentrations were determined

using the Pierce BCA Protein Assay Kit (233225, Thermo Scientific, Rockford, IL, USA). Total protein was

separated by SDS-PAGE gel and transferred electrophoretically to a nitrocellulose filter membrane

(HATF00010, Millipore, Bellerica, MA, USA). The details of the antibodies used are provided in the Key Re-

sources Table.

RNA isolation and quantitative real-time RT-PCR

Total mRNA was isolated from human or mice monocytes with RNAiso Plus (9109, Takara, Tokyo, Japan),

and cDNAwas synthesized using the PrimeScript RTMaster Mix (RR036A; Takara, Tokyo, Japan). cDNAwas

quantified by real-time PCR using TB Green Premix Ex Taq II (RR820A, Takara, Tokyo, Japan) on an ABI

PRISM 7300HT Sequence Detection 542 System (Applied Biosystems, Foster City, CA, USA). The primer se-

quences are listed in Key Resources Table.

Bone marrow transplantation

For young and old mouse BM transplantation experiments, donor Enhanced Green Fluorescent Protein

(EGFP) mice were sacrificed with isoflurane, and bone marrow cells (BMCs) were isolated from the femurs

and tibias. Before transplantation into WT C576J mice, the BMCs were washed twice with PBS, filtered

through a 70-micron filter, and then 2*106 BMCs were intravenously injected into recipient mice via the

tail vein. The donor/recipient combinations were: young EGFP to young WT; young EGFP to old WT;

old EGFP to young WT; and old EGFP to old WT. After 1 week, blood monocytes were collected from

the recipient mice and sorted for further experiments.

ATP assay

ATP levels in MSC2 cells or primary monocytes were determined using an ATP colorimetric/fluorometric

assay kit according to the manufacturer’s protocol (Novus Biologicals, Centennial, CO, USA).

OCR calculations using Seahorse

To measure mitochondrial function, 20,000 MSC2 cells or freshly isolated blood monocytes taken from

young or oldmice were seeded on Seahorse culture plates in assaymedia (DMEM, 1% BSA, 25mMglucose,

and 2 mM glutamine, 1 mM pyruvate) and analyzed using a Seahorse XFe96 system (Agilent Technologies,

Inc., Santa Clara, CA, USA). Basal macrophage OCR was determined over 1 hr. To obtain the maximal res-

piratory and control values of cells, macrophages were stimulated with oligomycin (2 mM), carbonyl cya-

nide 4-(trifluoromethoxy) phenylhydrazone (FCCP, 1 mM) and rotenone (0.5 mM)/antimycin A (0.5 mM),
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according to a standard protocol (Wu et al., 2019). The cell numbers were then normalized to the cell pro-

tein concentrations.

Electron microscopy

The isolated monocytes were fixed with 2.5% Glutaraldehyde in 0.1 M Sodium Cacodylate Buffer for 24 hr.

Glutaraldehyde was removed, and then monocytes were washed 3 times with 0.1 M Sodium Cacodylate

Buffer. The monocytes images were acquired using an JEOL-1200 EXII transmission electron microscope

(JEOL GmbH, Freising, Germany).

RNA-seq

The RNA-sequencing experiments were performed by OE Biotech Co., Ltd. (Shanghai, China) using an Il-

lumina HiseqTM 2500 system (Illumina, Inc., San Diego, CA, USA). RNA isolated from blood monocytes

taken from young or old mice was used for RNA-seq. These RNA samples were converted into a library

of cDNA fragments, Illumina sequencing adapters were added, and 50 bp single end read sequences

were obtained using the Illumina HiSeq system. A quality check was performed on these sequence reads

using FastQC. EdgeR software was used to analyze the data, and P < 0.05 was considered to indicate a sta-

tistically significant difference.

Cas 9 PPAR-a knockout

The CRISP-Cas 9 system was used to knock out PPAR-a in MSC2 cells. In brief, PPAR-a sgRNAs were

designed using the following website: https://chopchop.cbu.uib.no/. The NDA target sequences of

PPAR-a sgRNAs are shown in the Key Resources Table. DNA oligos of these sgRNAs were cloned into a

pL-CRISPR.EFS.GFP plasmid, and lentiviral packaging and cell transduction were performed as previously

described (Cribbs et al., 2013).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Statistical significance was calculated using Student’s t-tests when comparing two groups, or one-way

ANOVA when comparing more than two groups. P < 0.05 was considered to indicate a statistically signif-

icant difference. Pearson correlation coefficient was used to investigate the linear relationship between two

factors.
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