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Cincinnati College of Medicine.

Abstract

Objective: Cold and β3-adrenergic receptor (AR) agonists activate beige adipocyte biogenesis in 

white adipose tissue (WAT). The two stimuli also induce expression of inflammatory cytokines in 

WAT. The low-grade inflammation may further promote WAT browning. However, the 

mechanisms to reconcile these two biological processes remain to be elucidated. In this study, we 

aim to investigate the roles of the rate-limiting polyamine catabolic enzyme spermidine/spermine 

N1-acetyltransferase (SAT1) in regulating beige adipocyte biogenesis and inflammation.

Methods: Adipose-specific SAT1 knockout mice (SAT1-aKO) were generated by crossing 

adiponectin-cre to SAT1-lox/lox mice. Metabolic phenotype was investigated. Primary 

preadipocytes were isolated from inguinal WAT (iWAT) and differentiated to adipocytes for 

studying beige adipocyte biogenesis.

Result: The expression and enzymatic activity of SAT1 were up-regulated in iWAT upon cold 

and β3-AR stimulation. SAT1-aKO mice developed late-onset obesity on a high-fat diet with 

impaired cold-induced beige adipocyte biogenesis and energy expenditure. RNA-seq analysis of 

iWAT from cold-challenged SAT1-aKO mice revealed that, in addition to beige adipocyte 
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biogenesis signatures, the immune response markers were highly enriched among reduced genes. 

In cultured adipocytes, SAT1 overexpression or pharmacological activation with N1, N11-

diethylnorspermine (DENSpm) elevated oxygen consumption and increased the expression of 

beige adipocyte marker UCP1 and PGC-1α. DENSpm treatment of adipocytes also increased the 

expression of inflammatory genes. SAT1 activation enhanced hydrogen peroxide production in 

adipocytes. Antioxidant N-acetylcysteine abrogated the elevated UCP1 expression and reversed 

some inflammatory genes induced by SAT1 activation.

Conclusions: SAT1 activation plays a key role in cold and β3-AR agonist-induced beige 

adipocyte biogenesis and low-grade inflammation.
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1. Introduction

Polyamines including putrescine, spermidine and spermine are small polycations that are 

essential for multiple cellular functions affecting cells growth, cancer and ageing [1–3]. 

Polyamine metabolism is tightly regulated by several rate-limiting enzymes for synthesis 

and catabolism. Specifically, the polyamine synthesis is modulated by ornithine 

decarboxylase (ODC) and adenosylmethionine decarboxylase (AMD1). The catabolism is 

controlled by spermidine—spermine N1-acetyltransferase (SAT1), which acetylates 

spermidine and spermine to generate N1-acetylspermine, N1,12-diacetylspermine, and N1-

acetylspermidine. These acetylated polyamines are either excreted intact in urine or oxidized 

by acetyl-polyamine oxidase (APAOX) [2, 4]. The oxidation of acetylpolyamines generates 

putrescine and spermidine as well as hydrogen peroxide (H2O2) [2, 4]. The putrescine and 

spermidine are then returned to the polyamine metabolic flux.

Initial polyamine research was mostly focused on cancer biology since ODC and SAT1 were 

found to be overexpressed in multiple cancers [2, 4–6]. Subsequent studies on genetic mouse 

models, especially SAT1 transgenic and knockout mice, revealed that polyamine metabolism 

plays a major role in regulating energy expenditure and adiposity [7–9]. Whole body SAT1 

knockout mice develop late-onset obesity while systemic and adipose-specific SAT1 

overexpression prevent diet-induced obesity. PGC-1α expression and AMPK activity are 

altered in white adipose tissue (WAT) with SAT1 overexpression or knockdown [7–9], but it 

is unclear to what extent they contribute to the SAT1-regulated energy metabolism and 

adiposity.

Brown adipose tissue (BAT) expresses high levels of uncoupling protein 1 (UCP1) in order 

to dissipate chemical energy to heat, therefore, plays a major role in thermogenesis. WAT is 

traditionally considered to be an energy storage organ. However, it is becoming clear that 

clusters of adipocytes in WAT undergo browning or beiging with induced expression of 

UCP1 in response to various environmental, hormonal or pharmacological stimuli such as 

cold and β3-adrenergic receptor (AR) activation [10–13]. Interestingly, cold and β3-AR also 

induce expression of inflammatory cytokines in adipocytes and recruit immune cells to WAT 

[14–16]. Although adipose inflammation has been linked to insulin resistance [17, 18], low 
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grade inflammation appears to be required for adipose tissue remodeling and beige 

adipocyte biogenesis [19–21]. Therefore, cold and β3-AR agonist exert direct and indirect 

effects on activating WAT browning. However, the downstream signals for the dual effects 

remain to be fully elucidated. In the current paper, we show that adipose SAT1 is induced by 

cold and β3-AR agonist stimulation. Importantly, SAT1 appears to be a key mechanistic 

node for both beige adipocyte biogenesis and low-grade inflammation induced by cold and 

β3-AR stimulation.

2. Materials and Methods

2.1. Animal Studies

To generate adipose-specific SAT1 knockout mice, SAT1-flox/flox mice [22] were crossed 

to adiponectin-Cre mice (Jackson Lab). For diet-induced obesity, mice were fed a high fat 

diet containing 54.8% fat calories, 24.0% carbohydrate calories, and 21.2% protein calories 

(4.8 kcal/gram) (stock number TD.93075; Envigo Inc.) [23]. Body composition was 

analyzed using an EchoMRI 3-in-1 instrument (Echo Medical Systems, Houston, TX). 

Metabolic cage studies were performed as described previously [23].

For the cold-induced thermogenesis studies, mice were housed in a cold chamber (4°C) for 

4, 12 or 72 hours. For the β3-adrenegic agonist treatment, mice received intraperitoneal 

injections of CL316, 432 (C5976; Sigma) at 1mg/kg per day for 4 days. Control mice 

received same volumes of phosphate-buffered saline.

Glucose tolerance test was performed by injecting glucose (1g/kg) intraperitoneally to mice 

with food removal for 5 hours. Blood glucose levels were measured at 0, 15, 30, 60, and 120 

min. Mice were maintained under a 12hr light/12hr dark cycle at constant temperature 

(23°C) with free access to food and water, except for the cold exposure experiments. All 

mouse studies were conducted in accordance with federal guidelines and were approved by 

the Institutional Animal Care and Use Committee of University of California, Irvine.

2.2. Isolation and Culture of Primary Adipocytes

Isolation and culture of primary adipocytes were described previously [24]. Inguinal white 

adipose tissue excised from 4 to 5-week-old male C57BL/6 mice was minced and digested 

in a PBS digestion buffer containing 2.5 U/mL collagenase D (11088882001; Sigma), 2.4 

U/mL Dispase II (4942078001; Sigma), and 10 mM CaCl2 at 37°C in a shaking water bath 

for 18 minutes. The digested tissue was filtered through 100μm nylon cell strainers (BD 

Biosciences). The stromal vascular fraction cells containing preadipocytes were separated 

from floating primary adipocytes by centrifugation at 600g for 5 minutes. The resulting 

pellets were resuspended and further filtered using 40μm nylon cell strainers (BD 

Biosciences). Stromal vascular fraction cells were maintained in DMEM/F12 GlutaMAX 

(Invitrogen) containing 15%FBS, 100U/mL penicillin, and 100μg/mL streptomycin. For 

differentiation, confluent preadipocytes were treated with medium containing 15% FBS, 0.5 

mM isobutylmethylxanthine (I7018; Sigma), 1μM dexamethasone (D4902; Sigma), 2 μg/mL 

insulin (I0546; Sigma), and 1 μM rosiglitazone (R2408; Sigma) for 48 hours. Adipocytes 

were then maintained in medium containing 15% FBS and 2 μg/mL insulin. At the 7 to 8-
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day of differentiation, cells were incubated with CL 316,243 (C5976; Sigma) at 10μM for up 

to 8hrs or treated with N1, N11-Diethylnorspermine tetrahydrochloride (4A/194732; Tocris 

Bioscience) for 24 hours. For experiments of the PKA/CREB inhibitor, the cells were treated 

with 50 μM H-89 (S1582; Selleckchem) for 1 hour prior to the stimulation of the CL316, 

432. In the antioxidant experiment, adipocytes were pre-treated with 100 μM N-

acetylcysteine (NAC) (Sigma) for 30 mins before DENSpm treatment. Lentiviral 

overexpression of SAT1 was performed as previously described [25]. Oxygen consumption 

rate (OCR) of adipocytes was determined using an XF24 Extracellular Flux Analyzer 

(Seahorse Bioscience).

2.3. SAT1 Activity Assay

Snap-frozen tissues (50–100mg) were homogenized in Tris/EDTA (pH 7.0) buffer. The 

soluble supernatants after centrifugation were used in activity assay. SAT1 activity was 

assayed radiochemically as described [5, 23] and expressed as pmol of N1-[14C]-

acetylspermidine (AcSpd) generated/10 min/mg of tissue.

2.4. RNA extraction and quantitative PCR

Total RNA was extracted using the RNeasy kit (QIAGEN). cDNA was synthesized using the 

SuperScript III first-strand synthesis supermix for quantitative RT-PCR (qRT-PCR; 

Invitrogen) and used in real-time PCRs with Power SYBR Green PCR master mix (Applied 

Biosystems) on a 7900HT real-time PCR system (Applied Biosystems). The relative gene 

expression levels were calculated by the 2Ct method using Tata-binding protein (Tbp) as an 

internal control. Primer sequences are shown in Supplemental Table 1.

2.5. Total reactive oxygen species (ROS) and hydrogen peroxide measurements

Intracellular ROS production was measured based on the oxidation of 2′,7′-
dichlorofluoresce diacetate (Invitrogen) as previously described [26]. Adipocytes were 

seeded into a black 96-well plate at a density of 1×105/well. After treatment, the cells were 

incubated with 2 ′ ,7 ′ -dichlorofluoresce diacetate at 37°C for 30 minutes, followed by 

washing three times with PBS.

The resultant fluorescence was measured using a fluorescent microplate reader at excitation 

and emission wavelengths of 485 and 528 nm, respectively.

Amplex Red assay was used to measure hydrogen peroxide levels. Adipocytes were 

incubated in the Krebs-Ringer phosphate (KRP) (145 mM NaCl, 5.7 mM sodium phosphate, 

4.86 mM KCl, 0.54 mM CaCl2, 1.22 mM MgSO4, 5.5 mM glucose, pH 7.35) containing the 

Amplex Red reagent (A22188, Invitrogen). Fluorescence was then measured at excitation 

485nm and emission 570nm, respectively.

2.6. RNA-seq Analyses

Total RNA isolated from iWAT of cold-treated SAT1-aKO and control mice was used for 

RNA-seq analyses. RNA-seq was performed at the UCI Genomic High-Throughput Facility. 

The Chipster software was used for quantification and statistics of the RNA-seq data [27]. 
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Functional clustering was performed using DAVID analysis, Panther pathway and GO 

biological process analysis.

2.7. Immunohistochemistry

Tissues collected from cold-challenged SAT1-aKO and control mice were fixed in paraffin. 

Embedded sections were routinely deparaffinized and endogenous peroxidase was quenched 

with 3% H2O2 in 1×PBS. Then they were stained with antibody against F4/80 (Bio-Rad) to 

detect macrophages. Images were captured using a Zeiss Detector Imaging System.

2.8. Statistical Analysis

All data were expressed as mean ± SEM. Statistical differences were assessed using 

unpaired Student’s two tailed t tests for two groups and a one-way ANOVA for three groups 

or more. Statistical significance was assumed at P < 0.05.

3. Results

3.1 Adipose SAT1 is induced by thermogenic stimuli

Cold and β3-AR agonist are the classic stimuli to induce beige adipocyte biogenesis and 

BAT activity. Challenging wild type mice with cold for 72 hours strongly stimulated UCP1 

and PGC-1α expression in iWAT and BAT (Supplementary Fig. 1A–1B). β3-AR agonist 

CL-316,243 treatment for 4 days also induced UCP1 expression in iWAT and BAT 

(Supplementary Fig. 1C–1D). Both Cold and CL-316,243 increased the expression of SAT1 

in iWAT and BAT (Fig. 1A–1D). The polyamine synthetic enzyme ODC was elevated in 

iWAT and tended to be increased in BAT of mice exposed to cold. The acetylpolyamine 

oxidation enzyme APAOX was stimulated in iWAT, but not in BAT by cold and CL-316,243 

(Fig. 1A–1D). Consistent with the increased SAT1 mRNA expression, SAT1 enzymatic 

activity was enhanced in iWAT and BAT by the stimulation of cold and CL-316,243 (Fig. 

1E–H). It has to be noted that the baseline SAT1 activity at the room temperature in BAT 

was approximately 5 times higher than that in iWAT (Fig. 1E–1H). This is partially due to 

the higher SAT1 mRNA expression in BAT (Supplementary Fig. 1E). These results indicate 

that SAT1 expression and activity are linked to adipose thermogenesis.

To test whether these effects were cell-autonomous, we isolated preadipocytes from iWAT, 

differentiated the cells to adipocytes, and treated the cells with CL-316,243. SAT1 

expression was rapidly induced by CL-316,243 in 1 hour. The maximum effects were at 4-

hour time point. UCP1 expression, on the other hand, did not increase after 1 and 2 hours but 

elevated at later time points (4 and 8-hour) with CL-316,243 treatment (Fig. 1I). The rapid 

SAT1 induction could be recapitulated in vivo as acute cold exposure for 4 hours increased 

SAT1 in BAT and for 12 hours increased SAT1 in both BAT and iWAT (Fig. 1J–1K). The 

increased SAT1 levels were associated with elevated UCP1 expression in adipose tissue of 

acute cold-challenged mice (Supplementary Fig. 2A–2B). In addition to cold and adrenergic 

stimulation, high fat diet (HFD) feeding initially promotes the adipose UCP1 expression [28, 

29] (Supplementary Fig.3A–3B). Interestingly, one-week HFD feeding also elevated adipose 

SAT1 expression (Supplementary Fig. 3A–3B). The SAT1 induction in adipocytes was 

partially caused by protein kinase A (PKA) activation because the CL-316,243-induced 
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SAT1 elevation was attenuated by H-89, a PKA inhibitor (Fig. 1L). In addition, CL-316,243 

and cold also increased the expression of adipose nuclear factor (erythroid-derived 2)-like 2 

(Nrf2), the major transcription factor regulating SAT1 expression (Supplementary Fig. 4A–

4B). These results indicate that thermogenic stimuli enhance polyamine catabolism in 

adipose tissue.

3.2 Adipose-specific SAT1 knockdown mice develop late-onset obesity

To determine the effects of adipose SAT1 on systemic energy metabolism, we generated 

adipose-specific SAT1 knockout mice (SAT1-aKO) by crossing adiponectin-Cre to SAT1-

flox/flox mice [22]. SAT1 expression was reduced by 87% in BAT, but only 49% and 46% in 

iWAT and perigonadal WAT (pgWAT), with no changes in liver (Fig. 2A). The relatively 

modest reduction of SAT1 in WAT was likely caused by abundant SAT1 expression in 

stromal vascular fraction since isolated adipocytes from iWAT and pgWAT of SAT1-aKO 

mice showed 80–95% SAT1 reduction (Fig. 2A). The SAT1-aKO mice developed late-onset 

obesity after 18 weeks of high fat diet (HFD)-feeding (Fig. 2B). The increased adiposity in 

SAT1-aKO mice was confirmed by Echo-MRI studies showing a 20% increase in relative fat 

mass and a 9% decrease in relative lean mass (Fig. 2C). Consistently, the weight of iWAT 

and pgWAT of SAT1-aKO mice was higher than that of controls (Fig. 2D). Metabolic cage 

studies showed a reduction of VO2 and VCO2 in SAT1-aKO mice compared with controls 

when exposed to cold (Fig. 2E–2G). Glucose tolerance tended to be impaired in SAT1-aKO 

mice compared with controls before the body weight started to diverge (Fig. 2H–1I). 

However, insulin tolerance test (not shown), insulin, glucose and insulin-glucose products 

(Supplementary Fig. 5A–5C) were not different between SAT1-aKO and control mice fed a 

HFD for 22–24 weeks when the body weight was separated. These results indicate that 

adipose SAT1 plays a major role in regulating systemic energy metabolism.

3.3 Adipose SAT1 regulates beige adipocyte thermogenesis

Since SAT1 was induced by cold and β3-AR agonist in BAT and iWAT and SAT1-aKO mice 

showed reduction in cold-induced oxygen consumption, we measured the expression of 

thermogenic gene markers in BAT and iWAT. Upon cold challenge, the expression of beige 

adipocyte markers uncoupling protein 1 (UCP1), Cidea, peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1α), cytochrome c oxidase polypeptide 7A1 

(Cox7a1), acyl-CoA Oxidase 1 (ACOX1), carnitine palmitoyltransferase 1 (Cpt1), cluster of 

differentiation 36 (CD36) were reduced in iWAT of SAT1-aKO mice compared with controls 

(Fig. 3A). Peroxisome proliferator-activated receptor gamma (PPARg) expression was not 

altered, suggesting SAT1 knockdown did not affect adipocyte differentiation. Interestingly, 

BAT thermogenic activity was not significantly affected by SAT1 knockdown (Fig. 3B). The 

only reduced gene in BAT of SAT1-aKO was PGC-1α while other thermogenic genes 

including UCP1 were not altered (Fig. 3B). Therefore, adipose SAT1 is necessary for cold-

induced beige adipocyte biogenesis.

We next investigated whether the SAT1 directly activates beige adipocyte biogenesis. N1, 

N11-diethylnorspermine (DENSpm) is a polyamine analog that increases SAT1 expression 

and activity [2, 9]. Treating cultured adipocytes with DENSpm promoted the expression of 

beige adipocyte biogenesis markers and increased oxygen consumption (Fig. 3C–3D). 
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Similarly, overexpression of SAT1 in adipocytes also stimulated beige adipocyte biogenesis 

(Fig. 3E, Supplementary Fig. 6). SAT1 activation did not affect adipocyte differentiation as 

evidence by unaltered PPARg expression. These results indicate that adipose SAT1 is 

necessary and sufficient to promote beige adipocyte thermogenesis.

3.4 Adipose SAT1 knockdown reduces immunity-related genes

To investigate the mechanisms for SAT1-regulated beige adipocyte thermogenesis, we 

performed RNA-seq and subsequent DAVID functional annotation clustering analysis as 

well as Panther pathway and GO biological process analysis using iWAT from cold-

challenged SAT1-aKO and control mice. Both analysis tools consistently showed over-

represented signatures for immunity/inflammation and mitochondrial function/TCA cycle 

among the downregulated genes (Fig. 4A–4B and Supplementary Table 2–3). Among the 

upregulated genes, the top three clusters were membrane, glycoprotein and endoplasmic 

reticulum (Supplementary Table 4). The immunity-related genes included cluster of 

differentiation (CD) markers, chemokines (C-C and C-X-C motif) and cytokines 

(Supplementary Table 5). These genes represent signatures of immune cells especially T-

lymphocytes (CD3, CD4, Foxp3), dendritic cells (CD83), and macrophages (IL-1R), 

although adipocytes also express low levels of some of these genes [17, 18, 30]. Quantity 

RT-PCR of selected immunity-related genes confirmed the reduced expression of cluster of 

differentiation 14 (Cd14), tumor necrosis factor alpha (Tnf-α), chemokine (C-C motif) 

ligand 8 (Ccl8), forkhead box P3 (Foxp3), C-X-C chemokine receptor type 6 (Cxcr6), and 

C-X-C chemokine receptor type 3 (Cxcr3) identified from the RNA-seq analysis (Fig. 4C). 

In addition, IL-1β and IL-10 were also decreased and IL-6 and MCP-1 tended to be lower in 

iWAT of SAT1-aKO mice (Fig. 4C). Consistently, immunohistochemistry staining of iWAT 

showed a reduction of F4/80 positive macrophage infiltration in iWAT of cold-challenged 

SAT1-aKO mice compared with controls (Fig. 4D, Supplementary Fig. 7A). Some of the 

cytokines such as CD14 and IL6 were also reduced in the perigonadal WAT of SAT1-aKO 

mice compared with controls (Supplementary Fig. 7B). Therefore, adipose SAT1 plays a 

dual role in regulating beige adipocyte thermogenesis as well as immune cell infiltration.

3.5 SAT1-induced reactive oxygen species regulate beige adipocyte thermogenesis and 
inflammation

SAT1-activated polyamine flux generates H2O2 from oxidation of acetylpolyamines [2, 4]. 

Reactive oxygen species (ROS) has been shown to mediate beige adipocyte biogenesis and 

UCP1 expression/activation. ROS also induces cellular inflammation in adipocytes [31, 32]. 

Consistently, treatment of cultured adipocytes with DENSpm increased H2O2 and total ROS 

levels, both were neutralized by antioxidant agent N-acetylcysteine (NAC) (Fig. 5A). The 

elevated H2O2/ROS was necessary for the UCP1 expression induced by SAT1 activation 

since NAC abolished the elevated UCP1 induced by DENSpm (Fig. 5B). SAT1 activation by 

DENspm also increased Cd14, Tnf-α, Mcp-1 and IL-6 expression in adipocytes (Fig. 5C). 

NAC reversed the elevated expression of CD14, and tended to reduce Tnf-α and IL-6 

elevation (Fig.5C). DENspm-induced expression of UCP1, Tnf-α, Mcp-1 and IL-6 was 

attenuated by SAT1 siRNA knockdown, indicating the specificity of DENspm-activated 

SAT1 in stimulating beige adipocyte biogenesis and inflammation (Supplementary Fig. 8A–
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8B). These data indicate that SAT1-induced ROS production is involved in beige adipocyte 

thermogenesis and inflammation.

4. Discussion

Adipose SAT1 plays a major role in systemic energy metabolism. However, it is not clear 

how SAT1 is regulated in adipose tissue. We found that thermogenic stimuli such as cold 

and β3-AR agonist induce SAT1 expression and activity in adipose tissue. This appears to be 

partially mediated by PKA/CREB signal pathway since PKA inhibitor H-89 reduces SAT1 

elevation stimulated by β3-AR agonist (Fig. 1J). Consistently, there is a consensus CREB 

binding site in the SAT1 promoter [2]. Cold and β3-AR agonist also stimulate the expression 

of Nrf2 (supplementary Fig. 1E–1F), a major transcription factor that binds to the 

polyamine-responsive element of the SAT1 promoter [2]. The elevated Nrf2 likely represents 

a response to intracellular ROS stimulated by cold and β3-AR in adipose tissue [33, 34]. 

Interestingly, SAT1 activation also generates ROS. Therefore, Nrf2 and SAT1 may form a 

regulatory loop in adipose tissue upon cold or β3-AR stimulation.

Four SAT1-related mouse models have been reported. Whole body SAT1 knockout mice are 

obese, while systemic SAT1 overexpression causes leanness [7–9, 35, 36]. Mouse aP2 

promoter driven SAT1 transgenic and knockout show similar adiposity phenotype as that in 

systemic transgenic and knockout mice [8, 35]. However, aP2 promoter activity is not 

adipose-specific and drives target gene expression in non-adipose tissues/cells such as 

macrophages [37]. In the current studies, we used adiponectin-Cre to generate truly 

adipocyte-specific SAT1 knockout mice. The fact that SAT1-aKO developed late-onset 

obesity provided a conclusive evidence that SAT1 in adipocytes plays a critical role in 

energy metabolism and adiposity. However, the weight gain of our SAT1-aKO mice appears 

to be milder than that of whole body and aP2-Cre driven SAT1 knockout mice. It therefore 

remains possible that SAT1 in other tissues/cells might also play some roles in regulating 

energy expenditure and adiposity.

One major contribution of our study is the elucidation of the novel role of SAT1 in beige 

adipocyte biogenesis. SAT1 is sufficient and necessary for beige adipocyte biogenesis. Since 

SAT1 expression and activity are induced by cold and β3-AR agonist, SAT1 activation is a 

critical downstream mediator of cold and β3-AR stimulation for beige adipocyte biogenesis. 

This is partially mediated by the direct effects of SAT1 on adipocytes as SAT1 activation 

increased UCP1 expression and oxygen consumption (Fig. 3C–3E). SAT1 activation 

generates H2O2 and ROS through APAOX and spermine oxidase (SMOX) [1–3]. This 

appears to be a mechanism for the direct effects of SAT1 on beige adipocyte biogenesis 

since neutralizing H2O2 with NAC abolishes UCP1 elevation induced by SAT1 activation. 

Although pathologically high ROS are detrimental to cellular function, physiological ROS 

are important second messengers for multiple biological processes including beige adipocyte 

biogenesis and activity [31]. For example, overexpression of Sestrin2, an antioxidant 

protein, suppresses ROS and inhibits UCP1 expression in adipose tissue [32]. A more recent 

study show that ROS may induce UCP1 cysteine-253 sulfenylation, thereby promote 

adipocyte thermogenesis [34]. Therefore, SAT1-activated ROS production is an important 

mechanism for beige adipocyte biogenesis.
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RNA-seq analyses surprisingly reveal highly enriched immunity-related genes in addition to 

mitochondrial function/beige adipocyte markers among the reduced genes in adipose tissue 

of cold-challenged SAT1-aKO compared with control mice (Fig. 4). The gene markers of T-

lymphocytes, dendritic cells, and macrophages are reduced, suggesting decreased immune 

cell infiltration into adipose tissue of SAT1-aKO mice. Interestingly, knocking out SAT1 

from renal proximal tubule also decreases immune cell infiltration and inflammatory 

response to ischemia/reperfusion injury [38]. The mechanism for the reduced immune cell 

infiltration is not very clear. SAT1 activation induces ROS and cytokine production in 

adipocytes. This may trigger immune cell infiltration as a compensatory mechanism. 

Alternatively, SAT1 activation may decrease intracellular polyamines which have anti-

inflammatory properties [1]. Regardless of mechanisms, cold and β3-AR stimulation 

increase SAT1 activity and promote immune cell infiltration and cytokine expression in 

adipose tissue [14]. Extensive adipose inflammation is generally considered to be 

detrimental to insulin sensitivity, BAT activity and beige adipocyte biogenesis. However, low 

level inflammation is necessary for adipose remodeling and beige adipocyte activation [19]. 

SAT1 activation during cold and β3-AR stimulation may contribute to the low-grade 

inflammation in adipose tissue, which indirectly promotes beige adipocyte biogenesis.

In summary, SAT1-mediated polyamine catabolism is sufficient and necessary for beige 

adipocyte biogenesis. This is mediated by the direct effects of SAT1-induced ROS 

production in adipocytes. SAT1-induced inflammation and immune cell infiltration may also 

contribute to the beige adipocyte biogenesis indirectly. Thus, the current study identifies 

SAT1-mediate polyamine catabolism as a novel mechanistic node for beige adipocyte 

biogenesis during cold and β3-AR stimulation.
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Highlights:

• Polyamine catabolic enzyme spermidine-spermine acetyltransferase (SAT1) is 

induced in adipose tissue upon cold and β3-adrenergic stimulation.

• Adipose-specific SAT1 knockout mice develop late-onset obesity with 

impaired cold-induced beige adipocyte biogenesis.

• SAT1 activation promotes beige adipocyte biogenesis.

• Reactive oxygen species and inflammation induced by SAT1 activation 

contribute to beige adipocyte biogenesis.

• SAT1 activation is a critical mechanistic node for beige adipocyte biogenesis 

induced by cold and 3-adrenergic stimulation.
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Fig. 1- Cold and β3-adrenergic receptor agonist stimulate adipose SAT1 expression and activity.
(A-B) SAT1, ornithine decarboxylase (ODC) and polyamine oxidase (APAOX) mRNA 

expression in inguinal (iWAT) and brown (BAT) adipose tissue of cold-challenged mice (4°C 

for 72 hours). (C-D) SAT1, ODC and APAOX mRNA levels in iWAT and BAT of mice 

treated with β3-adrenergic receptor agonist CL 316,243 (CL). (E-H) SAT1 enzymatic 

activity in iWAT and BAT of mice treated with cold or CL. (I) SAT1 and UCP1 expression in 

primary adipocytes treated with CL for the indicated times. (J-K) SAT1 expression in iWAT 

and BAT of mice challenged with cold for 4 hours (J) and 12 hours (K). (L) SAT1 mRNA 

levels in differentiated adipocytes treated with the PKA inhibitor H-89, followed by 

stimulation with CL. n=6–10 per group, *p<0.05, **p<0.01 vs controls (Ctrl). #p<0.05 vs 

CL.

Yuan et al. Page 13

Metabolism. Author manuscript; available in PMC 2020 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2- Adipose-specific SAT1 knockout mice develop late-onset obesity.
(A) SAT1 expression in adipose tissue and adipocytes, (B) body weight, (C) percent fat and 

lean mass, (D) metabolic organ weight in control (Ctrl) and adipose-specific knockout 

(SAT1-aKO) mice fed on high fat diet (HFD). (E-G) Oxygen Consumption (E-F) and CO2 

production (G) in SAT1-aKO and control mice under room temperature (RT) and cold (4°C). 

(H) Glucose tolerance test (GTT) and (I) area under the curve (AUC) in control and SAT1-

aKO mice fed a HFD for 12 weeks. n=9–15 per group, except for adipocytes in (A) with 

n=3, *p<0.05, **p<0.01, #p=0.2 vs Controls (Ctrl).
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Fig. 3 - Adipose SAT1 regulates beige adipocyte thermogenesis.
(A-B) Browning markers (UCP1, Cidea, Pgc1a, Pgc1b, PPARg, Cox7a1, Cox8b, ACOX1, 

Cpt1, CD36) and fatty acid synthesis gene expression (ACC, LPL and FAS) in inguinal 

white adipose tissue (iWAT) (A) and brown adipose tissue (BAT) (B) of cold-challenged 

SAT1-aKO and control mice. (C-D) Browning gene expression (C) and oxygen consumption 

in adipocytes treated with SAT1 agonist N1, N11-diethylnorspermine (DENSpm). (E) 

Browning markers in adipocytes with lentiviral SAT1 overexpression. n=3–8 per group, 

*p<0.05, ** p<0.01 vs Controls (Ctrl).
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Fig. 4 - SAT1 knockdown reduces immunity-related genes in adipose tissue.
(A-B) DAVID analysis (A) and Panther pathway analysis (B) of RNA-seq results from iWAT 

of SAT1-aKO and control mice exposed to cold. (C) qPCR measurements of immunity-

related gene expression. (D) F4/80 staining of iWAT from cold-challenged SAT1-aKO and 

control mice. n=6 per group, *p<0.05, ** p<0.01 vs Controls (Ctrl).
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Fig. 5 - SAT1-induced reactive oxygen species regulate beige adipocyte thermogenesis and 
inflammation.
(A) H2O2 levels and total ROS production, (B) UCP1 expression and (C) inflammation-

related gene expression in adipocytes treated with SAT1 agonist DENSpm with or without 

antioxidant N-acetylcysteine (NAC). n=4–8 per group, * p<0.05 vs, ** p<0.01 vs controls 

(Ctrl), #p<0.05 vs DENSpm.
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