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Abstract
We recently reported that a preponderance of small adipose cells, decreased expression of cell
differentiation markers, and enhanced inflammatory activity in human subcutaneous whole
adipose tissue were associated with insulin resistance. To test the hypothesis that small adipocytes
exhibited these differential properties, we characterized small adipocytes from epididymal adipose
tissue of Zucker Obese (ZO) and Lean (ZL) rats. Rat epididymal fat pads were removed and
adipocytes isolated by collagenase digestion. Small adipocytes were separated by sequential
filtration through nylon meshes. Adipocytes were fixed in osmium tetroxide for cell size
distribution analysis via Beckman Coulter Multisizer. Quantitative real-time PCR for cell
differentiation and inflammatory genes was performed. Small adipocytes represented a markedly
greater percentage of the total adipocyte population in ZO than ZL rats (58±4% vs 12±3%,
p<0.001). In ZO rats, small as compared to total adipocytes had 4-fold decreased adiponectin, and
4-fold increased visfatin and IL-6 levels. Comparison of small adipocytes in ZO versus ZL rats
revealed 3-fold decreased adiponectin and PPARγ levels, and 2.5-fold increased IL-6. In
conclusion, ZO rat adipose tissue harbors a large proportion of small adipocytes that manifest
impaired cell differentiation and pro-inflammatory activity, two mechanisms by which small
adipocytes may contribute to insulin resistance.
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Introduction
There is substantial evidence that insulin resistance is the link between obesity and risk of
type 2 diabetes and/or cardiovascular disease.1 Since not all obese individuals are insulin
resistant,2,3 factors related to adipose cell biology likely contribute to induction of an insulin
resistant state. Adipose tissue cellularity and its association with altered glucose metabolism
was first described several decades ago.4–7 Obese humans with enlarged subcutaneous
adipose cells were found to be more hyper-insulinemic and glucose intolerant than
individuals with smaller cells.5,6,8 Rodent and human studies indicated that adipose cell
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enlargement was associated with decreased insulin responsiveness.4,7,9 These data prompted
speculation that “hypertrophic” obesity was responsible for the metabolic derangements
associated with insulin resistance and diabetes.8,10

Using an updated method to characterize fat cell size and distribution, we have recently
reported several novel observations. First, we found that the mean diameter of large cells
from abdominal subcutaneous adipose tissue was, in fact, not different between insulin
resistant as compared to obesity-matched, insulin sensitive individuals.11 Rather, insulin
resistant individuals demonstrated a preponderance of small adipose cells measuring <40
μm in size. This finding was associated with decreased expression of genetic markers
related to cell differentiation in the whole adipose tissue specimens, suggesting that a defect
in fat storage capacity may contribute to obesity-related insulin resistance.

Secondly, we demonstrated that inflammatory activity was modestly upregulated in
subcutaneous adipose tissue of insulin resistant as compared to equally obese, insulin
sensitive women.12 Furthermore, inflammatory gene expression in subcutaneous adipose
tissue was associated with an increased proportion of small adipose cells in the whole
adipose tissue samples, independent of sex, insulin resistance, and BMI.13 Taken together,
while the above results do not provide evidence of causality, they lend support to the inter-
relationships of impaired adipose cell differentiation, increased inflammation, and
accumulation of small adipose cells in the development of insulin resistance. In the present
study, we sought to test the hypothesis that small adipocytes may be responsible for the
biological properties observed by characterizing separated small adipocytes in epididymal
adipose tissue of Zucker Obese (ZO) and Lean (ZL) rats. Comparisons were made of
adipose cell size distribution of whole adipose tissue and isolated adipose cell samples. Gene
expression analyses of markers of cell differentiation and inflammation were performed in
small adipose cells in ZO and ZL rats.

Materials and Methods
Animals

Male ZO (fa/fa) and ZL (Fa/Fa) rats 8- to 10-weeks of age (Harlan Laboratories, Livermore,
CA, USA) were maintained on a normal chow diet and housed in a room with a 12h:12h
light-dark cycle and ambient room temperature of 22°C. A total of 31 rats were used in the
study. The study protocol was approved by the Stanford University Administrative Panel on
Laboratory Animal Care and carried out in accordance with guidelines from the American
Association for the Accreditation of Laboratory Animal Care.

Adipose tissue harvesting and cell size analysis
After lethal anesthetization of the rats with isoflurane, whole blood was obtained for
analysis of plasma insulin (rat ELISA kit, ALPCO Diagnostics, Salem, NH, USA). Intra-
abdominal epididymal fat pads were removed from rats and 500 mg to 1 gm of adipose
tissue immediately flash frozen in liquid nitrogen. These samples were stored at −80°C for
subsequent analysis. Two samples of 30 mg of epididymal fat tissue were immediately fixed
in osmium tetroxide and incubated in a water bath at 37°C for 48 hours in accordance with
previously described methodology.14 Adipose cell sizes from these samples were then
determined by a Beckman Coulter Multisizer III with a 400 μm aperture, as previously
reported. 11,15 The range of cell sizes that can effectively be measured using this aperture is
20–240 μm. The instrument was set to count 6,000 particles, and the fixed-cell suspension
was diluted so that coincident counting was <10%. After collection of pulse sizes, the data
were expressed as particle diameters and displayed as histograms of counts against diameter
using linear bins and a linear scale for the x-axis.
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Analysis of adipose cell size distribution from Multisizer graphs entailed identification of
the nadir, defined as the low point between the two cell populations.11 The number of
adipose cells above and below this point was calculated by the Multisizer software and
expressed as the % above’ and % below’ the nadir, as well as the ratio of small to large cells.
In addition, the peak diameter’ of the large adipose cells was defined as the mean diameter
at which the frequency of the large cell population reached a maximum. This method was
found to be concordant with a mathematical modeling technique described in a prior
study.11 We therefore chose to analyze results in this study using the former method.
Finally, the Multisizer software calculated the mean, median, and mode of the adipose cell
sizes in aggregate.

Adipocyte isolation and separation
The remainder adipose tissue was used for isolation of adipocytes. Two to three grams of
ZO and ZL rat adipose tissue were transferred into 6 ml Krebs Ringer Bicarbonate HEPES
Buffer containing 5% BSA. Because ZL rats had less ‘total’ fat mass, epididymal adipose
tissue from two ZL rats was pooled for digestion to comprise one sample. After tissue was
mechanically minced, 6 mg of collagenase was added and fat allowed to digest for 90
minutes at 37°C in a shaking water bath. The digested cells were then filtered through a 250
μm mesh and buoyant adipocytes and supernatant removed after washing with buffer three
times. The remaining stromal cell pellet was flash frozen on liquid nitrogen. These
adipocytes are subsequently referred to as total adipocytes, i.e. cells prior to separation. An
aliquot of digested adipocytes was taken and fixed in osmium tetroxide for cell size
distribution analysis via Beckman Coulter Multisizer.

Separation of small adipocytes in ZO rats was initiated by gentle filtration of digested
adipocytes through an 84 μm and then 41 μm mesh. Adipocytes that filtered through the 41
μm mesh were labeled small adipocytes. For ZL rats, filtration through an additional 25 μm
mesh was required to separate small from larger cells. An aliquot of small adipose cells was
removed and fixed with osmium tetroxide to confirm successful separation of small
adipocytes by Multisizer curve analysis, as well as visual inspection of cells by light
microscopy. Of note, cells that stayed on top of the 84 μm mesh during filtration were also
removed in an attempt to collect large adipocytes. In ZL rats, large cell separation was
successful. However, since Multisizer curves for separated large adipocytes in ZL rats were
essentially identical in appearance to curves for total adipocytes, total adipocytes were used
in further analyses. When large cell separation in ZO rats was attempted, a significant
proportion of small adipocytes were mixed with large adipocytes on top of the mesh.
Therefore, further gene expression comparisons were made between the small and ‘total’
(mixed large and small) adipose cell populations.

Gene expression with rtPCR
Total RNA was extracted from flash frozen adipose tissue, total adipocytes, and small
adipocytes using Qiazol and the Adipose Tissue RNAeasy kit (Qiagen, Valencia, CA, USA)
according to the manufacturers’ instructions. cDNA was synthesized from total RNA using
the SuperScript II kit (Invitrogen, Carlsbad, CA, USA). Taqman primer/probe sets for
mRNA transcripts of the following were purchased from Applied Biosystems (Foster City,
CA, USA): adiponectin, leptin, GLUT4, peroxisome proliferator-activated receptorγ 1/2)
(PPARγ1/2), sterol receptor element binding protein 1c (SREBP1c), CCAAT/enhancer
binding protein alpha (C/EBPα), monocyte chemotactic protein-1 (MCP-1), plasminogen
activator inhibitor-1 (PAI-1), TNF-α, visfatin, and IL-6. 18S ribosomal RNA was used as a
reference to normalize expression levels between samples. Amplification was carried out in
triplicate on an ABI Prism 7700 sequence detection system at 50°C for 2 min and 95°C for
10 min, followed by 40 cycles of 95°C for 15s and 60°C for 1 min. A threshold cycle (Ct
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value) was obtained from each amplification curve and a ΔCt value was first calculated by
subtracting the Ct value for 18S ribosomal RNA from the Ct value for each sample. A ΔΔCt
value was calculated by subtracting the ΔCt value of a ZO or ZL rat, chosen arbitrarily to
serve as control. Fold-changes compared with the control were then determined by
calculating 2−ΔΔ Ct. Because gene expression data were similar between whole adipose
tissue and isolated adipocyte samples in ZO and ZL rats, we have chosen to present data for
isolated adipocytes only.

Statistical analysis
Student’s unpaired t-tests were used to compare adipose cell size variables in ZO versus ZL
rats, and gene expression analyses between groups. Student’s paired t-tests were used to
compare adipose cell size variables between total and small adipocytes among ZO or ZL
rats. Where data were not normally distributed, values for gene expression were
logarithmically transformed prior to analysis. Outliers were also removed if they were
greater than or equal to two standard deviations (SDs) above or below the mean. Data were
expressed as mean ± standard error of the mean (SEM). P< 0.05 was taken to indicate
statistical significance.

Results
Animal characteristics and adipose cell size distribution

ZO rats were heavier than their lean counterparts (349 ± 6.5 vs 256 ± 12 g, p< 0.001) and
had higher fasting insulin levels (365 ± 113 vs 62.7 ± 26 pmol/L, p< 0.001).

Figure 1 represents the averaged Multisizer curves of the total adipocyte population isolated
from ZO and ZL rats, respectively. It is apparent that the two curves are quite different.
Small adipocytes, measuring <40 μm comprised a large proportion of total adipocytes in ZO
rat fat pads. In contrast, the majority of adipocytes from ZL rats measured between 60 to 90
μm. Quantitative comparisons of the cell size distribution of the two total adipocyte
populations are presented in Table 1. These data show that small cells represented a
markedly greater percentage of total cells in ZO than ZL rats (58 ± 4% vs 12 ± 3%, p<
0.001), also reflected in the ratio of small to large cells (1.6 ± 0.2 vs 0.1 ± 0.04, p< 0.001).
In addition, the peak diameter of large cells was nearly twice as large in ZO than ZL rats
(123 ± 2.6 μm vs 72 ± 1.0 μm, p< 0.001). Multisizer curves and data for whole adipose
tissue were similar to that of the isolated adipocytes and are therefore not shown.
Photographic evidence of small adipose cells using scanning electron microscopy of
paraformaldehyde-fixed tissue as illustrated in our previous study in human subjects11

support that small cells identified by Multisizer are, indeed, adipose cells.

Gene expression of total adipocytes
Figure 2 compares the expression of genes related to differentiation and inflammation in the
total adipocyte populations from ZO and ZL rats. Of the genes related to differentiation,
adipocytes isolated from ZO rats had a 6-fold increased expression of leptin (p< 0.001), 2-
fold increased expression of GLUT4 (p< 0.05), and 1.5- and 2.3- fold decreased expression
of PPARγ and SREBP1c, respectively (p< 0.05). In addition, inflammatory markers, MCP-1
and TNF-α were upregulated in ZO rat adipocytes (p< 0.05).

Small adipocytes: Multisizer curves and gene expression
Figure 3 illustrates the separated small adipocytes in ZO (Figure 3a) and ZL (Figure 3b) rats.
Each curve represents an individual ZO and ZL rat sample. These curves demonstrate that
small cells were separated successfully and therefore validated for subsequent gene
expression analyses.
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Figure 4 compares the gene expression profile in small versus total adipocytes isolated from
ZO rats. Small adipocytes from ZO rats had significantly decreased adiponectin levels (4-
fold, p< 0.01), and 4-fold increased visfatin and IL-6 levels (p< 0.05). Because Ct values
were undetectable for SREBP1c in almost all samples of small adipocytes from ZO rats, this
gene was not included in analysis.

On the other hand, expression of adipogenic gene markers was not different when small
adipocytes from ZL rats were compared with total adipocytes (data not shown). Although
small adipocytes from ZL rats did have a 4.5- fold increase in TNF-α levels (p< 0.05) as
compared to total adipocytes, there was no significant increase in gene expression of the
other inflammatory markers.

Potential differences in gene expression in small adipocytes from ZO and ZL rats are further
explored in Figure 5. When directly compared, small adipocytes from ZO rats demonstrated
3-fold decreased expression of adiponectin and PPARγ (p< 0.05), as well as 2.5- fold
increases in expression of leptin and IL-6 levels (p< 0.05) as compared with ZL rats.

Discussion
The results presented here have documented striking differences in cell size distribution
between adipocytes from obese, insulin resistant ZO rats and non-obese, insulin sensitive ZL
rats, as well as delineate the adipogenic and inflammatory characteristics of small adipocytes
that help to substantiate the observations we have made on insulin resistance, accumulation
of small adipose cells, and adipose tissue gene expression in our human studies.11–13

The most notable difference between adipocytes from the ZO and ZL rats was in the cell
size distribution. The ratio of small to large cells was increased 16-fold in adipocytes from
ZO rats. Put in another way, small cells occupied more than half of the total number of cells
in the ZO rat epididymal fat depot. By contrast, small cells comprised only 12% of the total
adipose cell population in ZL rats. Moreover, the mean peak diameter of the large cells was
significantly greater in ZO rats. Our ability to demonstrate this striking difference in cell size
distribution was made possible by the use of updated Multisizer cell sizing methodology to
characterize adipose tissue cellularity. Earlier Coulter Counter techniques were set to count
cells above a certain plateau level that unintentionally overlooked smaller cells.5,6,16 Other
methods such as microscopic or photographic visualization use a representative sample of
cells that may not sufficiently account for adipose cell size spread. Histologic method to
evaluate adipose cell diameter is dependent on the plane through which the adipocyte is
sliced, and thereby subjected to the artifact of off-center sectioning. Through Multisizer
technology we have been able to document the presence of an expanded population of small
adipose cells in the epididymal adipose tissue of ZO rats, associated with a significant
increase in the size of the large cells.

These findings are consistent with the hypothesis that adipose cells enlarge to a maximal
state, followed by proliferation of small cells to accommodate further fat storage.17 Indeed,
we have extended these observations further by assessing, in vivo, adipose tissue
development in the ZO rat.18 By performing sequential micro-biopsies over a 21-week
period, we observed that adipose tissue expansion exhibited a temporal periodicity of
roughly 55 days during which cells increase in size and new, smaller adipose cells are
recruited. This mechanism is triggered when the flux of lipid needing storage exceeds that of
capacity for lipid uptake. In the present study, the preponderance of small adipose cells in
the ZO rat fat pad indicates that the ability to recruit new cells is retained, although they
appear to be dysfunctional in nature, as evidenced by their adipogenic and inflammatory
characteristics.
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The second main findings of our study are in the differential properties of small adipocytes.
As compared to total cells, ZO rat small adipocytes exhibited significantly lower expression
of adiponectin, an adipocytokine made exclusively by mature adipocytes, and whose plasma
and adipose tissue levels are decreased in human insulin resistance, independent of
obesity.11,19 That differential expression of adiponectin was robust despite comparison of
small cells with the total mixed cell population intimates that the differences between small
and large cells may, in fact, be greater. As compared to small adipocytes from ZL rats, small
adipocytes from ZO rats also had decreased levels of adiponectin and PPARγ, highlighting
not only that the small adipocytes from ZO rats have an impaired capacity for
differentiation, but that they may be functionally disparate from the ZL rat small adipose
cells. These findings help to substantiate our findings in human subcutaneous adipose tissue,
in which accumulation of small adipose cells was associated with decreased adipose tissue
expression of genes related to adipocyte differentiation in insulin resistance, independent of
obesity.11 Taken together, it is reasonable to postulate that small adipose cells may
contribute to systemic insulin resistance via their impaired capacity for fat storage.

The other defining properties of small adipocytes are their modest pro-inflammatory nature.
Of the five inflammatory genes tested, visfatin and IL-6 were upregulated in small as
compared with total adipocytes from ZO rats, suggesting that inflammation may serve as an
additional mechanism by which small adipocytes may contribute to insulin resistance. Small
adipocytes from ZO rats also expressed increased levels of IL-6 when compared with small
cells from ZL rats. These findings are supportive of our previous data in humans, in which
we showed that inflammatory activity was independently associated with increased
proportion of small adipose cells in subcutaneous adipose tissue, as well as measures of
insulin resistance.12,13 Thus, it seems plausible that the inflammatory properties of small
adipose cells may contribute to development of insulin resistance at a systemic level,
although causality remains to be elucidated.

It is valuable to consider results of the small adipocytes within the larger context of the
adipose tissue and total adipocyte population as a whole. Isolated adipocytes from ZO as
compared with ZL rats demonstrated evidence of impaired differentiation and greater
inflammatory activity. Taken together with data from the small adipocytes, one may infer
that these characteristics of the ZO rat adipose tissue depot as a whole are accounted for by
the expanded presence of small adipocytes. While upregulated GLUT4 levels in ZO rat
adipocytes as compared to their lean counterparts may appear to be an exception, these data
are consistent with well-established evidence that regulation of adipose cell GLUT4 occurs
in an age-dependent pattern in ZO rats;20,21 adipocytes of young ZO rats exhibit hyper-
responsiveness to insulin-stimulated glucose transport (despite systemic hyper-insulinemia/
insulin resistance), whereas adipocytes from older ZO rats exhibit impaired glucose uptake.
Likewise, increased leptin in ZO as compared to ZL rat adipocytes is ascribed to the ZO rat
genetic makeup.

Overall, these findings are consistent with previous studies from our group and others
supporting the association of obesity-related insulin resistance with impaired adipogenesis
and inflammatory states.11,12,15,22–25 How impaired differentiation, increased inflammation,
and accumulation of small adipocytes may interrelate to promote insulin resistance remains
more speculative. One possibility is that inflammatory cytokines secreted by small cells
impair terminal adipocyte differentiation, leading to ineffective triacylglycerol storage and
accumulation of further small cells. An alternate explanation is that non-adipose cell
inflammatory mediators, i.e. macrophages or other myeloid-derived cells, residing in
adipose tissue exert negative effects on adipocyte function.26–28 In this context, it is
important to re-emphasize that the small cells we have detected in our studies are adipose
cells, and not macrophages.11,13 This is an important distinction, for while it is known that
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macrophages can promote inflammatory activity in adipose tissue,29 our findings address the
direct role small adipose cells may have in inflammation. Finally, as another hypothesis, it is
also plausible that the primary defect lies in adipose cell differentiation, with development
of an inflammatory phenotype in the small adipocytes as a secondary process.

This study is one of several studies published on the genetic or metabolic characteristics of
small adipocytes, of which mixed results have been reported. One study showed that small
and large adipose cells in mice fed a high-fat diet did not differ in various measures of
insulin resistance.30 Immune-related genes were reported to be upregulated in large versus
small human adipocytes.31

Results from another study were contrary to ours, namely, that pro-inflammatory factors
correlated with increasing adipocyte size.32 Among studies that did not specifically separate
or characterize small and/or large cells, several described positive relationships between
adipose cell enlargement and insulin resistance.33, 34 On the other hand, Pasarica et al35

reported that patients with type 2 diabetes had an increased proportion of small adipose cells
in the subcutaneous adipose tissue depot as compared with BMI-matched, non-diabetic
individuals. It is also important to discuss briefly our recent findings that treatment with
pioglitazone led to recruitment of small adipocytes in human abdominal subcutaneous
adipose tissue, as well as redistribution of fat from visceral to subcutaneous depots.36 While
these findings may appear to conflict with that of the present study, we have postulated that
small adipocytes that accumulate in response to the adipogenic effect of thiazolidinedione
therapy36 may differ from those found in insulin resistant, untreated individuals,11 or as in
the present case, the hyper-insulinemic, ZO rat. Functional studies could help to elicit
whether these two small adipose cell populations differ in their capacity for lipid storage.

The strengths of our approach lie in the use of updated cell size techniques to accurately
assess adipose tissue cellularity, and separation of small adipocytes for characterization and
comparison. Adipocyte isolation eliminated the potential confounding effects of
macrophages on inflammatory changes in the fat depot. A limitation of our study is its cross-
sectional design, which precludes assumptions on causality. In addition, comparison of total
adipose cells with small cells in the ZO rats may have underestimated the true effect size,
given that small cells contribute substantially to the total adipose cell population.
Nonetheless, that we were able to elicit the reported gene expression differences suggest that
these findings are real. It is also possible that gene and protein expression levels in the
adipose cells may vary. Finally, while ZO rats are useful animal models of insulin
resistance, these findings may be strain-specific. We recently reported that recruitment of
small adipose cells was greater in an obesity-prone mouse as compared with an obesity-
resistant mouse strain, an effect enhanced under high fat feeding conditions.37 That we have
been able to document an expanded proportion of small adipose cells using two different
rodent models of obesity helps to validate these findings. It would be important to perform
future investigations in human subjects, as well as conduct functional studies in the small
adipose cells to support the genetic characteristics found in the present study.

We had postulated based on our studies in humans that small, rather than large adipose cells,
were closely associated with insulin resistance. Our results in ZO rats have shown that small
adipocytes manifest evidence of impaired adipogenesis and increased inflammatory activity,
two mechanisms by which small adipocytes may contribute to whole-body insulin resistance
in the ZO rat. These small adipocytes in the ZO rat appear to be distinct from those of the
ZL rat, underscoring the relevance of metabolic phenotype in evaluating small adipocyte
functionality. These findings provide novel insight into the role small adipocytes may have
in the development of insulin resistance.
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Figure 1.
Comparison of averaged Multisizer adipose cell profile curves from total adipocytes of
Zucker Obese (ZO) and Zucker Lean (ZL) rats.

Liu et al. Page 11

Diab Vasc Dis Res. Author manuscript; available in PMC 2012 October 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Mean relative gene expression levels in total adipocytes from ZO (n=11) and ZL rats
(n=10). Genes related to adipose cell differentiation and inflammation are presented. *p<
0.05; †p< 0.01; ‡p< 0.001.
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Figure 3.
Multisizer curves demonstrating separation of small adipocytes in (a), ZO rats (n=11) and
(b), ZL rats (n=10). Each curve represents an individual ZO and ZL rat sample.
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Figure 4.
Mean relative gene expression levels in small and total adipocytes from ZO rats (n=11). *p<
0.05; †p< 0.01.
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Figure 5.
Small adipocytes in ZO (n=11) and ZL rats (n=10) are compared for differences in relative
gene expression levels. *p< 0.05; †p< 0.01.
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Table 1

Comparison of adipose cell size variables in ZO (n=11) and ZL (n=10) rats

Cell size variables ZO ratsa ZL ratsa p value

Mean (μm) 75 ± 3.0 66 ± 1.3 0.028

Median (μm) 63 ± 6.4 69 ± 1.4 0.36

Mode (μm) 23 ± 0.1 59 ± 8.0 <0.01

Nadir (μm) 78 ± 3.3 39 ± 2.2 <0.001

% of cells below nadir 58 ± 3.7 12 ± 2.7 <0.001

Ratio (small:large) 1.6 ± 0.2 0.1 ± 0.04 <0.001

Peak diameter of large cells (μm) 123 ± 2.6 72 ± 1.0 <0.001

Mean diameter of small cells (μm) 35 ± 1.8 32 ± 1.4 0.07

a
Data are expressed as mean ± standard error of the mean (SEM)
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