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Age-related changes in fat mass, distribution, and 
function are associated with elevated risk of common 

diseases, including atherosclerosis, diabetes, and hyperten-
sion (1–4). Together with age- and fat depot–related differ-
ences in innervation, hormonal exposure, or circulation, 
inherent properties of resident fat cell progenitors, preadi-
pocytes, may contribute to variation in fat depot size and 
function with aging because fat tissue turns over throughout 
life (5). Indeed, fat cell numbers actually increase in certain 
fat depots between middle and old age (6–8). Fifteen to 50 
percent of cells in fat are preadipocytes (9). Preadipocyte 
abundance increases or remains constant with aging in dif-
ferent fat depots. Preadipocyte replication and differentia-
tion decline with aging at different rates among depots 
(10–14). Age-related and regional differences in preadipo-
cyte function persist in colonies arising from single preadi-
pocytes after many weeks in culture and multiple cell 
divisions (11,13,15–18). Differences in properties of pread-
ipocytes during aging or among depots are reflected in the 
fat tissue that develops from them (12,14,18). Thus, inher-
ent characteristics of preadipocytes may contribute to varia-
tion in fat tissue function with aging and among fat depots.

To test the hypothesis that age-dependent changes in gene 
expression can vary in progenitors from different regions of 
the same tissue, we compared expression profiles of preadi-

pocytes that were isolated from epididymal and perirenal 
depots of young and old rats after being cultured under 
identical conditions. Cells from these two depots were 
studied because we previously found greater differences 
in capacities for replication and differentiation between 
perirenal (which are extraperitoneal) and epididymal 
preadipocytes than other fat depots with aging (13,14). 
We validated select differences in real-time polymerase 
chain reaction (PCR) and Western blot analyses.

Methods

Preadipocyte Culture
Preadipocytes were isolated from epididymal and perire-

nal [caudal portion to exclude brown fat (14)] depots of 
3- (young), 17- (middle-aged), and 30- (old) month male, 
barrier-reared, specific pathogen-free Brown Norway rats 
(median survival 32 months; maximum survival 43 months 
(19,20); National Institute on Aging colony maintained by 
Harlan Sprague Dawley, Indianapolis, IN). The protocol 
was approved by the Institutional Animal Care and Use 
Committee. Each N represents separate groups of animals, 
with animals in different age groups being studied in parallel. 
Animals were autopsied to exclude gross pathology. Fat 
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depots were minced, digested in collagenase (1 mg collage-
nase/mL Hank’s balanced salt solution; 3 mL/g tissue), fil-
tered, and centrifuged at 300 g for 10 minutes (14). The 
pellets were resuspended in a-minimal essential medium 
(a-MEM) containing 10% fetal bovine serum. Cells were 
plated for 20 hours, washed, trypsinized until 90% of the 
cells had lifted, and replated at a density of 4 × 104 cells/
cm2. This results in more than 90% pure preadipocyte popu-
lations (determined by counting colonies derived from sin-
gle cells that accumulate more lipid than similarly treated 
skin or lung fibroblasts), irrespective of age or depot of 
origin (13,18). Macrophage markers did not differ substan-
tially with aging or in a consistent direction among depots 
(see Results section and Table 3). Preadipocyte recoveries, 
determined by adding various numbers of preadipocytes to 
fat tissue aliquots before processing, are similar across 
depots and age groups (9).

Expression Array processing and Data Analysis
Total RNA was isolated from preadipocytes with TRIzol 

(Invitrogen, Carlsbad, CA). Using a poly-dT primer incor-
porating a T7 promoter, double-stranded cDNA was synthe-
sized from 10 mg total RNA using a Superscript cDNA 
synthesis kit (Invitrogen). Biotin-labeled cRNA was gener-
ated from the double-stranded cDNA template through in 
vitro transcription with T7 polymerase using an RNA tran-
script labeling kit (Enzo Diagnostics, Farmingdale, NY). 
Biotinylated cRNA was purified using RNeasy affinity 
columns (Qiagen, Valencia, CA) and fragmented in 40 mM 
Tris–acetate, pH 8.1, 100 mM KOAc, 30 mM MgOAc for 
35 minutes at 94°C to 35–200 bases. cRNA (10 mg) and 
controls (Affymetrix, Santa Clara, CA) were hybridized to 
Affymetrix Rat Genome 230 2.0 GeneChip arrays containing 
15,923 probe sets and washed and stained according to the 
Antibody Amplification for Eukaryotic Targets protocol  
(Affymetrix). The arrays were scanned at 488 nm using an 
Affymetrix GeneChip Scanner 3000 (Affymetrix). Expres-
sion estimates were derived using the rate monotonic analysis 
processing and normalizing algorithm (21). Data were de-
posited into the Gene Expression Omnibus database (http://w
ww.ncbi.nlm.nih.gov/geo/; accession number GSE6699).

Real-Time PCR Analysis
Total RNA was prepared as earlier. First strand cDNA was 

prepared from total RNA using a SuperScript II reverse tran-
scriptase kit (Invitrogen). Real-time PCR was carried out using 
TaqMan Fast Universal PCR Master Mix 2× in a 7500 Fast 
Real Time PCR System (Applied Biosystems, Foster City, 
CA). In brief, 10 ml of Fast PCR Master Mix were combined 
with 5 ml of cDNA, 1 ml of the appropriate TaqMan primer, 
and 4 ml of water. Following an initial 95°C incubation for 20 
seconds, PCR was carried out for 40 cycles at 95°C for 3 
seconds and 60°C for 30 seconds. RNA was analyzed by rela-
tive quantification using 18S rRNA as an internal control.

Western Blot Analysis
Matrix metalloproteinase (MMP) 3 and 12 proteins 

were assayed by Western blot analysis (15). Briefly, pro-
tein was extracted using radioimmunoprecipitation assay 
buffer, and concentrations were determined by Bio-Rad 
Protein Assay (Bio-Rad Laboratories, Hercules, CA). 
Thirty micrograms of protein in 5× loading buffer were 
heated at 95°C for 10 minutes, placed on ice, and then 
briefly centrifuged. Y79 (MMP3) and J774 (MMP12) cell 
lysates (10 mg; Santa Cruz Biotechnology, Santa Cruz, CA) 
were used as positive controls. Protein was separated by so-
dium dodecyl sulfate–polyacrylamide gel electrophoresis 
(10%) and transferred to poly-vinylidene fluoride mem-
branes (Amersham Biosciences, Piscataway, NJ). Equal 
amounts of protein from undifferentiated preadipocytes from 
young or old rats were loaded in parallel on the same gels. 
Protein transfer was confirmed by Ponceau dye staining. 
Membranes were blocked with 5% milk fat with or without 
0.5% bovine serum albumin, then incubated with primary 
antibody overnight at 4°C (goat anti-MMP3 IgG [1:200] or 
goat anti-MMP12 IgG [1:200]). Antibodies were from Santa 
Cruz Biotechnology. Satisfactory antibodies for rat Stmn-2 
were not available. Membranes were incubated with second-
ary antibody: donkey anti-goat horse radish peroxidase 
(1:2000) for 1 hour at room temperature. Secondary anti-
body binding was visualized by chemiluminescense. Scan-
ning densitometry was performed using a Hewlett Packard 
3970 scanner (Hewlett Packard, Palo Alto, CA) and Quan-
tiscan software (Biosoft, Ferguson, MT). Densitometric re-
sults were expressed as a percentage of total optical density 
within each gel and normalized to reflect differences in cel-
lular protein content (total protein contents were 305 ± 32, 
325 ± 36, and 335 ± 39 pg/cell [± SEM] in undifferentiated 
perirenal preadipocytes from 3-, 17-, and 30-month old rats, 
respectively, and 336 ± 32, 346 ± 35, and 360 ± 39 pg/cell in 
epididymal cells, respectively [N = 16 in each group]).

Data Analysis
Only those probe sets that exhibited sequence-specific hy-

bridization intensity in at least one of the samples were in-
cluded in the analysis (10,983 of 15,923 probe sets). Fold 
change was calculated using the average normalized signal 
from the samples in each of the groups. The significance of 
observed expression differences was determined using two-
way analysis of variance (ANOVA) in which age and depot 
were the main effects. The limma package within R was used 
in part for this analysis (22). To correct probabilities of dif-
ferential expression for multiple hypothesis testing, we used 
the false discovery rate (FDR) method (23) that estimates the 
proportion of type I errors within a group of probe sets meet-
ing a significance cutoff. To assess similarities and differ-
ences among gene expression profiles, we used hierarchical 
clustering (using R; http://www.cran.r-project.org). Genes 
were annotated using NetAffx (Affymetrix) and Resourcerer 
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(The Institute for Genomic Research, Rockville, MD). For 
analyses of real-time PCR and Western blot studies, t tests 
or ANOVA with appropriate post hoc comparisons were used 
(24,25). Unless otherwise noted, two-tailed hypothesis tests 
with p less than .05 were considered significant.

Figure 1.  Preadipocyte expression profiles differ extensively among fat 
depots and less prominently with aging. A). Regional variation in preadipocyte 
expression profiles. Nine hundred and twenty-one transcripts (of 10,983 probe 
sets detected) demonstrated both a twofold or greater difference in expression 
between undifferentiated perirenal compared with epididymal preadipocytes 
from 3- and 30-month-old rats and a depot-effect false discovery rate (FDR) 
less than 0.01 by analysis of variance (ANOVA). Data shown were z-score nor-
malized and organized by hierarchical clustering, with each column represent-
ing a single animal. Full names, accession numbers, and hybridization intensities 
are in Supplementary Table 1. B). Stathmin-like 2 (Stmn-2) and tetranectin 
(Tna) increase with aging in preadipocytes. Only 3 out of 10,983 probe sets 
demonstrated significant age-dependent differences in expression in compari-
sons of preadipocytes isolated from 3-month compared with 30-month-old rats, 
despite use of less stringent criteria than those used to detect differences 
among fat depots (FDR < 0.08 by ANOVA and no fold-change criterion).

Table 1. D evelopmental Genes Are Overrepresented Within Transcripts Differentially Expressed Between Depots

Key Word

Key Word Searches of the 921 Genes  
Differing by Depot

Key Word Searches of the 10,986  
Present Probe Sets

Adjusted p ValueNo. of Genes % of Total No. of Genes % of Total

Development 67 7.27 128 1.16 0.000*
Stress 12 1.30 63 0.57 0.236
Immune 7 0.76 45 0.41 0.684
Cytokine 4 0.43 70 0.64 0.836
Metabolism 52 5.64 306 2.79 0.011*
Biosynthesis 32 3.47 254 2.31 0.305
Growth 24 2.60 260 2.37 1.000
Apoptosis 28 3.04 118 1.07 0.011*
Differentiation 32 3.47 80 0.73 0.000*
Proliferation 40 4.34 76 0.69 0.000*

Notes: Proportions of transcripts differentially expressed between depots in different gene ontology functional categories are shown (921 transcripts varied sig-
nificantly between depots out of 10,983 probe sets detected by array analysis). Fisher’s exact tests were performed to measure overrepresentaiton or underrepresenta-
tion of each functional category; p values were adjusted by using false discovery rate procedure to control the number of false-positive results.

*p < .05.

Results

Preadipocytes From Different Fat Depots Have Distinct 
Expression Profiles

Consistent with the contention that preadipocytes from 
different fat depots are distinct cell subtypes, we found that 
expression of many genes differs considerably between 
epididymal and perirenal preadipocytes (Figure 1A). Eight 
percent of probe sets detected in undifferentiated preadipo-
cytes were significantly differentially expressed between 
depots (FDR < 0.01 by ANOVA) and varied at least two-
fold. Developmental genes were prominent among the gene 
categories that varied between depots (Table 1), as we pre-
viously reported in human preadipocytes (17) and as has 
been found in mice (26). Indeed, rat homologs of human 
developmental genes that vary inherently among human ab-
dominal subcutaneous, mesenteric, and omental preadipo-
cytes (17) also differed between rat epididymal and perirenal 
preadipocytes (Table 2). Other genes that varied among de-
pots were those involved in cell dynamic processes (replica-
tion, differentiation, apoptosis) and metabolism (Table 1). 
Fat tissue, particularly from visceral depots, can contain 
macrophages. The differences we found are not likely to 
be due to contamination of our primary cultures with mac-
rophages as (a) differential plating was used to remove mac-
rophages, (b) preadipocytes were plated at subconfluent 
density and replicated until confluence, which dilutes any 
macrophages as they do not divide, (c) fewer than two per 
106 cells had the distinct morphology of macrophages by 
microscopic examination, and (d) macrophage markers 
were not consistently higher in cultures from either the per-
irenal or epididymal depot or from old compared with 
young animals (Table 3).

Fewer Genes Varied With Aging Than Among Fat Depots
Age-related changes in expression profiles of undifferen-

tiated preadipocytes were modest compared with regional 
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potential bias involved in selection based on known function. 
Undifferentiated perirenal and epididymal preadipocytes 
were cultured from middle-aged as well as additional young 
and old animals to distinguish changes during the matura-
tional phase of the life span from those during the senescent 
phase and to increase statistical power. Changes in expres-
sion of the 25 genes across age groups were generally more 
extensive in perirenal than epididymal preadipocytes, consis-
tent with the hypothesis that extent of age-related changes in 
progenitor properties varies among regions, as well as with 
our previous observation that age-related declines in replica-
tive potential and adipogenesis are greater in perirenal than 
epididymal preadipocytes [Figure 2A (13)]. Twelve of the 25 
genes are involved in inflammation, tissue repair, or stress, 
and five are involved in regulating differentiation (Table 4). 
Interestingly, the nine genes (C1qr1, Tna, lipopolysaccharide-
binding protein, Pcsk-2, Stmn-2, lysozyme, small inducible 
cytokine A2, Mmp-3, and Mmp-12) that significantly in-
creased in expression with aging tended to do so to a greater 
extent in perirenal than epididymal preadipocytes, whereas 
the four genes that decreased with aging tended to do so to a 
greater extent in epididymal cells (phospholipase C–like1, 
Csrp2, Krt2-8, and Trh). Of the nine genes exhibiting a sig-
nificant change in expression with respect to the Depot × Age 
interaction, three differed significantly with aging in epididy-
mal cells and six differed significantly with aging in the peri-
renal cells (Tukey’s test). Thus, changes in gene expression 
occur in undifferentiated preadipocytes with aging, some of 
these changes are fat depot dependent, and genes involved in 
cellular stress and regulation of differentiation are among 
those that change. Adiponectin decreased in epididymal 
preadipocytes with aging but changed less in perirenal cells, 
so although preadipocyte adiponectin was similar between 
depots in young animals, it was higher in perirenal than 
epididymal preadipocytes of old animals (p < .05; Student’s t 
test). Four additional genes relevant to fat tissue function or 
with potentially distinctive patterns suggested by the gene ar-
ray studies were also analyzed by real-time PCR (Figure 2B). 
IL-6 increased with aging in a fat depot–dependent manner. 
Depot-dependent changes in Stmn-2, Mmp-3, and Mmp-12 
with aging indicated in Figure 2A are plotted in Figure 3A–C, 
respectively.

differences. Despite using less stringent criteria than those 
used to detect variation among fat depots, only three probe 
sets representing two genes exhibited a statistically signifi-
cant difference between young (3 months) and old (30 
months) rats in the array analyses. These probe sets were 
selected from a two-way ANOVA that examined the effect 
of age and depot on gene expression. Age effect p values 
were adjusted by the FDR method, and those with FDR less 
than 0.08 were selected, with no constraints on the fold 
change between age groups (Figure 1B). These genes were 
stathmin-like 2 (Stmn-2) and tetranectin (Tna). Notably, 
substantial changes in developmental gene expression were 
not found with aging.

Age-Related Differences in Expression Profiles Are Fat 
Depot Dependent

From the array data, 30 probe sets were selected for further 
analysis by PCR based on fold changes across age groups 
only, without focusing on depot-related expression changes 
or known function. These probe sets, which encoded 25 
known genes, were chosen through this approach to avoid 

Table 2. R at Homologues of Developmental Genes That Vary 
Among Depots in Human Preadipocytes

Gene Symbol
Perirenal/Epididymal  

Fold Difference
Adjusted p Value 

(Perirenal vs Epididymal)

Krt1-18 (Krt-18) 3.39 0.0332
Hoxa4 2.49 0.0056
Hoxa5 2.53 0.0060
Hoxa2 1.03 0.7610
Pitx2 4.17 0.0212
Twist1 7.72 0.0106
Prrx1 (Pmx-1) 9.78 0.0003
Prrx2 (Prx-2) 1.48 0.0003
Kitl (Kitlg) 2.80 0.0007
Hoxa10 9.36 0.0012

Notes: We previously confirmed inherent variation of 20 developmental 
genes among human preadipocytes isolated from different fat depots [figure 4 in 
(17)]. Of these, 11 have homologs on Affymetrix rat 230 array sets, 10 of which 
met the same scaling criteria for expression in rat preadipocytes as in our human 
studies. Of the 10 genes present, 9 exhibited differences in expression between 
perirenal and epididymal preadipocytes (false discovery rate < 0.05), despite 
species differences and differences in depots being compared in the human and 
rat studies.

Table 3.  Macrophage Contamination Does Not Explain the Changes Observed With Aging in Preadipocyte Cultures

Macrophage Marker
Young  

Epididymal Old Epididymal Young Perirenal Old Perirenal Min. Cycles
Age ANOVA  

p Value
Age × Depot ANOVA  

p Value

Cd 68 9.9 ± 2.2 15.9 ± 2.2 14.5 ± 3.7 15.6 ± 3.7 24 0.24 0.41
Ccl3 14.5 ± 6.1 21.0 ± 4.5 11.3 ± 3.5 13.6 ± 4.0 27 0.35 0.65
Cd 11b; Mip-1; a-M integrin 9.2 ± 1.7 13.5 ± 1.8 13.9 ± 3.4 20.1 ± 3.5 25 0.06 0.72
F4/80; Emr1 16.7 ± 4.2 20.3 ± 3.9 11.0 ± 3.9 10.1 ± 3.1 27 0.40 0.25
Scya4; Mip-1b 79.7 ± 7.0 90.6 ± 22.2 205.8 ± 22.1 152.8 ± 9.5 From array 0.09 0.24

Notes: Consistent differences in macrophage markers were not evident among preadipocyte cultures from different age groups. mRNA levels were assayed in 
primary preadipocyte cultures from perirenal and epididymal depots of young (3 mo) and old (30 mo) rats. Scya4 was the only transcript that met the criterion for 
being considered detectable on Affymetrix U230 arrays. The other transcripts were assayed by real-time polymerase chain reaction (PCR; N = 6 determinations, each 
from different sets of rats; means ± SEM are shown; Min. cycles = minimum number of PCR cycles required for detection). ANOVA = analysis of variance.
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Age-Related Changes in MMP3 and MMP12 Protein Are 
Depot Dependent

Mmp-3 and Mmp-12 protein levels increased in perirenal 
preadipocytes with aging, unlike epididymal cells (Figure 4), 
as was the case with Mmp-3 and Mmp-12 mRNA (Figure 3). 
Unlike Mmp-3 and Mmp-12 mRNA, protein levels in epididy-
mal preadipocytes were not substantially lower than in  
perirenal cells, suggesting differences in translational or 
posttranslational processing of these proteins between depots.

Discussion
Preadipocytes, which give rise to new fat cells through-

out life, are among the most abundant type of progenitor in 
the body. Their numbers can exceed those of other cell types 
in fat tissue, including fat cells (9). The fat tissue that devel-
ops from them is, in turn, at the nexus of processes involved 

in longevity and the genesis of age-related metabolic dis-
ease. Preadipocyte gene expression profiles are distinct 
from those of fat cells, as is their function (17). For exam-
ple, preadipocytes are a greater source of inflammatory cy-
tokines than fat cells and produce chemokines that attract 
lymphocytes and macrophages (27–29). They also process 
and release paracrine factors and hormones in a fashion dis-
tinct from fat cells. Thus, given their numbers and distinct 
function, they are an important cell type to study in their 
own right (30). Unlike many other progenitor types, fat cell 
progenitors are generally resident in fat tissue (17,26), with 
circulating progenitors making a minor contribution to new 
fat cell development under certain conditions (31,32). 
Preadipocytes from different fat depots vary in capacities 
for replication and differentiation. Distinct characteristics 
of preadipocytes from different depots affect the fat tissue 
that develops from them, as we showed previously (18,33), 

Figure 2.  Changes in gene expression with aging tend to be fat depot dependent. A). Genes most upregulated or downregulated between age groups were further 
tested by real-time polymerase chain reaction (PCR) in additional animals. RNA was isolated from perirenal and epididymal undifferentiated preadipocytes from 
young (3 months), middle-aged (17 months), and old (30 months) rats. Data shown are z-score-normalized and organized by hierarchical clustering. Each column 
represents data from a single animal (N = 7 animals in each age group). p values were computed by two-way fixed effects analysis of variance and adjusted using the 
false discovery rate method. Gene descriptions are in Table 4. B). Four additional genes relevant to fat tissue function or with distinctive profiles suggested from the 
array analyses were assayed by real-time PCR.
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with different fat depots being effectively distinct mini-
organs. Thus, trajectories of age-related changes in preadi-
pocyte function with aging could vary among fat depots, 
potentially contributing to the fat redistribution and meta-
bolic dysfunction that are common in old age (1).

To our surprise, we found that although changes in pread-
ipocyte gene expression patterns do occur with aging, they 
are considerably less prominent than differences among de-
pots. This finding is consistent with parabiosis experiments, 

which suggested that tissue microenvironmental changes 
with aging might have a bigger effect on progenitor func-
tion than inherent effects of aging on progenitors themselves 
(34). Transcriptional measures of 921 probe sets showed 
statistically significant differential expression across depots, 
with developmental genes being prominent among those 
that vary, consistent with studies in mice and humans 
(17,26). Although more than 8% of genes differed among 
depots in our array analyses using stringent criteria, only 

Table 4.  Function of Genes Examined by Real-Time Polymerase Chain Reaction for Changes With Aging

Name Symbol Aliases Function

Phospholipase C–like 1 Plcl1 PLC-L (PLC-e), PLDL Catalyzes hydrolysis of phosphatidylinositol 4,5 biphosphate  
  to diacylglycerol and inositol 1,4,5 triphosphate

Keratin, type I cytoskeletal 18 Krt1-18 Keratin 18 Structural constituent of cytoskeleton that dimerizes with KRT8
Cysteine and glycine-rich protein 2 Csrp2 Cysteine-rich protein, smooth muscle cell LIM  

  protein
Downregulated in response to platelet-derived growth factor or  
  cell injury, promotes smooth muscle cell proliferation and  
  dedifferentiation

Keratin, type II cytoskeletal 8 Krt2-8 Keratin 8, cardiac autoantigen 2, 120 kDa Keratin 8, type II, early embryonic, dimerizes with KRT1
Thyrotropin-releasing hormone Trh Thyroliberin precursor Regulates thyroid stimulating hormone biosynthesis in the  

  anterior pituitary, neurotransmitter/neuromodulator in the  
  central nervous system and peripheral nervous system

Endothelial cell–specific molecule 1 Esm1 ESM-1 secretory protein Implications in lung endothelial cell–leukocyte interactions,  
  induction by tumor necrosis factor (TNF)-a and IL-1b

Testis-specific histone H2B Hist1h Histone 1, H2ba, histone H2B, testis Histone H2B family protein, nucleosome assembly activity,  
  chromatin organization, and remodeling

Insulinlike growth factor–binding  
  protein 2

Igfbp2 IBP-2 Alters interaction of IGF with cell surface receptors, inhibits or  
  stimulates growth promoting effects of IGF

Cadherin-22 Cdh22 Calcium-dependent cell adhesion proteins, sorting of  
  heterogeneous cell types

Solute carrier family 6 member 15 Ntt73 Solute carrier family 6 (neurotransmitter 
transporter), member 15, orphan transporter v7-3

Orphan transporter

Carbonic anhydrase 3 Ca3 Reversible hydration of carbon dioxide
Adiponectin Adn Adipocyte, C1q and collagen domain–containing  

  protein, adipose most abundant gene transcript 1,  
  adipocyte complement related protein of 30 kDa

Negative regulator of endothelial nuclear factor-kB and TNF-a  
  signaling, control of fat metabolism and insulin sensitivity

Complement component 1, q  
  subcomponent, receptor 1

C1qr1 Lymphocyte antigen 68, C1q/MBL/SPA receptor,  
  CD93 antigen

Receptor (or element of a larger receptor complex) for C1q,  
  mannose-binding lectin (MBL2), and pulmonary surfactant  
  protein A (SPA)

Chemokine (C-X-C motif) ligand 5 Cxcl5 SCYB5, Neutrophil-activating peptide ENA-78 Neutrophil activation, inflammation/injury
Aldehyde oxidase Aox1 Enzyme
Signal transducer and activator of  
  transcription 5B

Stat5b Signal transduction and activation of transcription, activated by  
  interleukin 2 and growth hormone

Tetranectin TNA C-type lectin domain family 3, member B,  
  plasminogen kringle 4–binding protein

Binds to plasminogen and isolated kringle 4, may be involved  
  in packaging of molecules destined for exocytosis

Lipopolysaccharide-binding  
  protein

LBP Binds to lipid A moiety of bacterial lipopolysaccharides, LBP/ 
 L PS complexes interact with CD14 receptors, inflammation

Chemokine (C-X-C motif)  
  receptor 4

Cxcr4 CD184 antigen, leukocyte-derived seven 
  transmembrane domain receptor, neuropeptide  
  Y receptor Y3

Receptor for the C-X-C chemokine CXCL12/SDF-1, involved 
  in hematopoiesis and vascularization of the gastrointestinal 
  tract, inflammation

Proprotein convertase subtilisin/ 
  kexin type 2

Pcsk2 NEC 2, KEX2-like endoprotease 2, prohormone  
  convertase 2

Release of protein hormones and neuropeptides from their 
  precursors, generally by hydrolysis of -Lys-Arg- bonds

Stathmin-like 2 Stmn2 SCG10, superior cervical ganglion-10 protein Role in neuronal differentiation and modulating membrane  
  interaction with the cytoskeleton during neurite outgrowth

Lysozyme Lys 1,4-beta-N-acetylmuramidase C, lysozyme  
  C precursor

Bacteriolytic, associated with the monocyte–macrophage 
  system, inflammation

Matrix metalloproteinase 12 MMP12 Macrophage elastase, macrophage  
  metalloelastase precursor

Involved in tissue injury and remodeling, elastolytic activity

Matrix metalloproteinase 3 MMP3 Matrix metallopeptidase 3, stromelysin 1,  
  progelatinase

Degrades fibronectin; laminin; gelatins; collagen III, IV, X, and  
  IX; and cartilage proteoglycans; activates procollagenase,  
  inflammation/injury

Small inducible cytokine A2 Scya II CCL2, monocyte chemotactic protein, monocyte  
  secretory protein

Attracts monocytes and basophils, augments monocyte  
  antitumor activity, inflammation

Note: Full gene names, abbreviations, and function of transcripts depicted in Figure 2A are shown.
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two genes varied with aging using less stringent criteria. 
Unlike differences among fat depots, aging did not involve 
substantial changes in developmental gene expression.

Because (a) overall expression measures of preadipocytes 
from different depots were distinct in the array analyses 
with respect to 921 probe sets, (b) regional variation in ex-
tent of age-related changes in preadipocyte replication and 
capacity for adipogenesis have been reported (11–13), and 
(c) trajectories of age-related changes in fat depot size, 
preadipocyte number, and fat cell size and number are depot 
dependent (6,7,9), we tested the hypothesis that age-related 
changes in preadipocyte gene expression are depot depen-
dent. We conducted further studies by real-time PCR of 
genes that appeared to have age-dependent expression 
changes in the microarray studies, but did not meet our crite-
ria for identification as age-dependent genes in the microarray 

Figure 3.  Stmn-2, Mmp-3, and Mmp-12 increase more extensively with aging 
in perirenal than epididymal preadipocytes. Stathmin-like 2 (A), matrix metal-
loproteinase 3 (Mmp-3); (B), and Mmp-12 (C) mRNA levels in undifferentiated 
perirenal and epididymal preadipocytes cultured from young (3 months),  
middle-aged (17 months), and old (30 months) rats were assayed by real-time 
polymerase chain reaction (N = 7 animals in each group; *p < .05; Duncan’s 
multiple range test; data plotted from Figure 2A).

Figure 4.  Matrix metalloproteinase (Mmp) 3 and Mmp-12 proteins increase 
with aging in a depot-dependent manner. Lysates of undifferentiated perirenal 
and epididymal preadipocytes cultured from young (3 months), middle-aged 
(17 months), and old (30 months) rats were analyzed by Western blotting for 
Mmp3 (A) and Mmp12 (B). *p < .05 by analysis of variance; N = 7.
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study. The PCR analyses were done in cells from additional 
animals and included cells from middle-aged in addition to 
young and old animals. With the increase in numbers of 
animals and ages and the greatly reduced multiple compari-
son correction, the PCR studies uncovered further genes 
that changed significantly with aging.

The genes whose expression changed with aging in the 
PCR analyses included cellular stress response–, injury-, 
and differentiation-related genes. These age-related changes 
in preadipocyte gene expression were evident, despite cul-
turing cells from the same animals under identical condi-
tions in parallel for a week. This suggests that these changes 
in gene expression are at least partly inherent, consistent 
with our previous finding that age-related declines in pread-
ipocyte replicative potential and adipogenesis remain evi-
dent in colonies derived from single preadipocytes isolated 
from rats of different ages, even after a month in culture 
(13). Furthermore, the larger changes in perirenal than 
epididymal preadipocyte gene expression with aging in the 
current study are consistent with the larger declines in adi-
pogenesis and replicative potential with aging in the perire-
nal than epididymal clones. The increases in preadipocyte 
stress response– and injury-related genes and declines in 
differentiation-related gene expression changes with aging 
in our study are similar to age-related changes in these gene 
categories reported in whole fat tissue from old compared 
with younger mice (35,36). Thus, the potentially inherent 
age-related changes in expression of these gene categories 
that occur in preadipocytes appear to carry through to the fat 
tissue that develops from them.

In the cases of genes that changed with aging, expression 
in middle-aged animals appeared to be intermediate be-
tween that of young and old animals, consistent with 
changes in fat cell progenitor function occurring steadily 
with chronological aging. Expression of these genes did not 
correlate with changes in body weight and fat, which in-
crease during maturation (between 3 and 17 months of age) 
and decline in old age. The progressive nature of the changes 
in gene expression is consistent with the contention chrono-
logical processes, such as progressive accumulation of se-
nescent progenitors or cellular damage, make a major 
contribution to age-related changes in progenitor function. 
Indeed, the gene categories involved (increased inflamma-
tion decreased differentiation genes with aging) and indi-
vidual genes (eg, IL-6, Mmp-3) are related to cellular 
senescence and stress responses.

Importantly, the age-related changes in gene expression 
were fat depot specific. For example, expression of Stmn-2, 
Lbp, and Mmp-3 increased markedly in perirenal preadipo-
cytes with aging, but underwent little if any change in 
epididymal cells. Genes upregulated with aging tended to 
change to a greater extent in perirenal preadipocytes, 
whereas those downregulated did so more in epididymal 
cells. These findings support the contentions that (a) cell-
autonomous properties of preadipocytes may contribute to 

age- and fat depot–dependent changes in adipose tissue 
growth and function and (b) progenitors from different re-
gions of the same tissue can undergo age-related changes 
that are distinct.

There were greater increases in stress response, proin-
flammatory, and matrix-remodeling genes in perirenal than 
epididymal preadipocytes with aging, as indicated in our 
PCR studies. This could be related to regional variation in 
extent of preadipocyte turnover. Larger increases in perire-
nal than epididymal fat cell numbers occur during matura-
tion (18). These are associated with greater capacity of 
perirenal than epididymal preadipocytes for replication and 
differentiation in young animals (11,13,18). Over a lifetime, 
more extensive utilization of the perirenal than epididymal 
preadipocyte pools may lead to greater activation of stress, 
proinflammatory, and matrix-remodeling responses in older 
individuals. Alternatively, regional differences in the local 
microenvironment or abundance of other cell types, such as 
macrophages, could contribute. In support of this, the al-
ready high numbers of macrophages in rat epididymal de-
pots of young animals do not increase further with aging, 
whereas the lower numbers of macrophages in the inguinal 
subcutaneous fat depots of young animals do increase (37). 
As in subcutaneous fat, macrophage markers increase with 
aging in perirenal fat tissue fragments (38). Despite lack of 
exposure to macrophages for a week in our culture system, 
possibly macrophages in the vicinity of preadipocytes in 
vivo impart a persisting effect. Thus, cell autonomous 
mechanisms and persistent microenvironmental influences 
could be responsible for depot-dependent age-related 
changes in preadipocyte function.

Little is known about preadipocyte or fat cell expression 
of stathmin-like 2 (Stmn-2; also called Scg-11). Of all 
10,983 transcripts detected in the array study, Stmn-2 in-
creased most with aging. This pattern was also found in the 
real-time PCR analysis. Stmn-2 is a stress-responsive mi-
crotubule-destabilizing protein that regulates neurite out-
growth and differentiation of oligodendrocytes (39–41). It 
is upregulated in response to neural injury, but this becomes 
attenuated with aging (42). Given its regionally specific role 
in regulation of nerve cell differentiation, a role of Stmn-2 in 
development of different fat depots is possible. Tetranectin, 
a 68-kDa cell surface protease that regulates mesenchymal 
development and cell migration, proliferation, and differen-
tiation (43–45), also varied with aging in both the array and 
PCR studies. It might also have a role in fat tissue develop-
ment, particularly because preadipocytes arise from mesen-
chymal progenitors.

Both Mmp-3 and Mmp-12 mRNA and protein increased 
in perirenal preadipocytes with aging, but much less so (or 
not at all) in epididymal cells. Mmp-3 and Mmp-12 are in-
volved in inflammation and tissue remodeling. Consistent 
with these increases in Mmp-3 with aging in perirenal 
preadipocytes, Mmp-3 increases in human skin fibroblasts 
and mouse subcutaneous fat cells with aging (46,47). Mmp-3 



Cartwright et al.250

is lower in preadipocytes from obese than lean subjects 
(48). To date, little information about regional differences in 
fat tissue Mmp-3 has been available. Fat tissue Mmp-12 ex-
pression and activity are increased in obesity and after high 
fat feeding (49,50), as well as in unstable atherosclerotic 
plaques and invasive cancers (51,52), conditions associated 
with inflammation and tissue remodeling, consistent with 
the upregulation of preadipocyte proinflammatory genes we 
found with aging [Figure 2 (27)].

Genes involved in early developmental segmentation and 
patterning were prominent among those that varied among 
fat depots. These genes, which regulate such fundamental 
cell dynamic processes as replication, differentiation, and 
susceptibility to apoptosis, may affect progenitor pool utiliza-
tion and set the stage for regional variation in trajectories of 
age-related changes in gene expression. Differing nature and 
rates of age-related changes in progenitor gene expression 
profiles could themselves contribute to age-related changes 
in fat distribution and depot function. Altered fat distribution 
is a prominent feature of the aging phenotype in humans. 
Subcutaneous fat begins to decrease in the 70s, whereas intra-
abdominal fat decreases later (53,54), leading to an effective 
shift of fat from subcutaneous to intra-abdominal depots, 
with eventual deposition of fat ectopically in muscle, bone 
marrow, liver, and elsewhere. This is associated with in-
creased prevalence of metabolic syndrome, particularly after 
age 70 (4). It will be interesting to test if the depot-related 
differences in trajectories of age-related changes in preadipo-
cyte gene expression in rats occur in humans and predispose 
to fat redistribution and metabolic disease.
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