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Haptoglobin (Hp) is an inflammatory and adiposity marker, its expression during obesity being specifically induced in the
white adipose tissue (WAT). We previously reported that when challenged with a high fat diet (HFD) Hp2/2 mice are
partially protected from the onset of insulin resistance and hepatosteatosis. The aim of the present study was to get
further insights into Hp function in WAT. To this end, we performed histological and gene expression analysis of the Hp2/2

WAT, both in standard and obesity conditions, and investigated how Hp deficiency impacts adipogenesis and WAT
development.
The average size and percentage of very large adipocytes were respectively smaller and reduced in HFD Hp2/2 mice as

compared with HFD WT. The expression of perilipin, HSL and angiogenesis related markers were increased in HFD Hp2/2

mice. Lean adult Hp2/2 showed significantly larger adipocytes and lower subcutaneous WAT expression of aP2 and LPL
with respect to WT. Hp2/2 young mice (P30) were characterized by larger adipocyte size and lower expression of
adipocyte and adipogenesis markers. Comparison of adipocyte size distribution between young and adult mice revealed
attenuated changes in Hp2/2 mice compared with WT. Mouse embryonic fibroblasts from Hp2/2 mice were less capable
of accumulating triglycerides and exhibited lower expression of PPARc, aP2, FAS, LPL and Leptin.
In conclusion, Hp deficiency tends to blunt the effect of age and diet on the size of adipocytes, which show less

susceptibility to develop hypertrophy during obesity and a reduced adipogenic/hyperplastic potential during youth. In
addition, Hp deficiency impacts negatively on adipogenesis.

Introduction

Haptoglobin (Hp) is among those genes that mark the
intersection between obesity and inflammation. Classically known
as a glycoprotein involved in the liver acute phase response to
inflammation,1 Hp is also highly expressed in the white adipose
tissue (WAT),2 its expression therein as well as its circulating
levels being significantly related to the degree of adiposity.3,4 One
of Hp’s most important functions is to bind free hemoglobin
(Hb), thus preventing its oxidant activity.5 At tissue level,
angiogenic properties have been attributed to this protein and we
recently reported that Hp also possesses a chemotactic activity, as
it is able to attract monocytes by interacting with the C-C
chemokine receptor 2 (CCR2).6

The biological significance of these observations was partly
found in the characterization of the Hp deficient mouse (Hp2/2)

metabolic phenotype that we recently reported:7 this mouse does
not display any overt phenotype in standard feeding conditions.
When exposed to high fat diet (HFD), despite susceptibility
to weight gain similar to wild type (WT) mice, Hp2/2 mice
are partly protected from the onset of two serious obesity co-
morbidities: namely insulin resistance and hepatosteatosis. The
WAT of the obese Hp2/2 mouse is not altered in its gross
morphology, but displays interesting changes that likely contri-
bute to its benign phenotype, including increased expression of
adiponectin and decreased macrophage infiltration, the latter
being well consistent with the chemotactic potential of Hp and
with the widely accepted concept that the massive macrophage
infiltration observed in the WAT of obese individuals is a
determinant of their enhanced systemic inflammation and in
turn a cause of insulin resistance, fatty liver and atherosclerosis.8

Therefore, the metabolic phenotype of the Hp2/2 mouse supports
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the notion that WAT, just like any other endocrine organ, may
orchestrate several functions of the organism through changes that
pertain to its gene expression. These changes often take place
during obesity. Hp upregulation observed in obesity is specific of
WAT,3 not being observed in other organs like liver7 or lung.

Other examples of inflammatory molecules expressed in the
WAT include: TNF-a, IL-6 and MCP-1. The role of these factors
in adipocyte biology has been investigated through various
approaches. A positive association between adipocyte diameter
and IL-6 and TNF-a levels has been described in humans.9

Impairment of TNF-a signaling resulted in smaller adipocyte size
both in standard and obesity conditions.10 When exposed to high
fat diet MCP-1 deficient mice undergo a less pronounced
enlargement of their adipocytes as compared with wild type.
Conversely, IL-6 deficiency results in fat mass and adipocyte
size increase.11 In vitro adipogenesis is negatively regulated by
TNF-a,12 while MCP-1 treatment of 3T3-L1 cells induces
adipocyte marker expression and promotes adipose conversion.13

Differently from the inflammatory markers mentioned above,
which are extensively present in other cell types, Hp expression is
confined to the adipocyte fraction.3 Fain reported that Hp is
released by explants of human adipose tissue, both by isolated
adipocytes and adipose tissue matrix, but not by cells of the stromal
vascular fraction (SVF).14 These results are in agreement with the
observation by Do Nascimento et al.,15 who showed that in murine
adipose tissue Hp is one of those few inflammatory molecules
specifically produced by the adipocytes and not present in the SVF.

Based on the outlined concepts, we wanted to further under-
stand how Hp deficiency impacts WAT in terms of adipocyte size,
gene expression and adipogenic potential. Our findings indicate
that Hp2/2 WAT reacts differently to the hypertrophic phase that
characterizes obesity and to the hyperplastic phase typical of the
peri-weaning period.16 Further, an impaired adipogenic potential
was observed in Hp2/2 embryonic fibroblasts.

Results

Effect of HFD on physical parameters and adipose tissue
histomorphology in the Hp2/2 mouse. Hp2/2 and WT mice
were exposed to HFD for 12 weeks. No genotype related
differences were evidenced in the susceptibility to gain weight, in
WAT weight/body weight (% of fat) or food intake (Fig. 1A–C).
As shown in Figure 1D the average adipocyte size of SC WAT of
Hp2/2 HFD treated animals was significantly smaller than that
found in HFD WT mice. The Hp2/2 EPI WAT exhibited similar
features, albeit with less pronounced differences. Consistently,
DNA content, an indirect assessment of adipocyte number, was
higher (albeit not significantly) in both SC and EPI WAT from
Hp2/2 mice as compared with WT (Fig. 1E). Analysis of
distribution of adipocyte size in SC WAT of obese animals
indicated that Hp deficiency was associated with a higher number
of small-sized adipocytes and a lower number of large-sized
adipocytes as compared with WT (Fig. 1F).

Taken together these data indicate that, despite no difference in
body weight and percentage of fat, obese Hp deficient mice show
a reduced adipocyte size.

Adipocyte size in the lean Hp2/2 mouse: comparison with the
obese. In contrast to HFD-fed,7 Hp2/2 mice, no changes in
systemic metabolism, and local inflammatory profile of WAT
were observed in lean Hp2/2 mouse compared with WT mice,
suggesting that the role of Hp in metabolism and adipose tissue is
more evident in the presence of a metabolic challenge. Percentage
of fat was similar in WT and Hp2/2 mice (Fig. 2A).

In the effort to understand if signs of the adipocyte related
changes encountered in the HFD Hp2/2 mice were somewhat
anticipated under normal conditions we analyzed WAT of lean
animals. Histological examination of WAT surprisingly revealed a
larger adipocyte size of Hp2/2 mice in both SC and EPI WAT
(Fig. 2B), as opposed to what was found in obese mice. In this
case, DNA content, was lower (albeit not significantly) in both
SC and EPI WAT from Hp2/2 mice as compared with WT
(Fig. 2C). Consistently, adipocyte size distribution (represented
in Fig. 2D for SC WAT) of CFD Hp2/2 revealed a decreased
number of relatively small/medium-sized adipocytes and an
increased number of larger adipocytes.

The opposite trend in adipocyte size shown by obese and lean
Hp2/2 mice was unexpected and is suggestive of a diet effect
acting differently in the WT and Hp2/2 model. Indeed, when the
diet effect (CFD-HFD) is plotted intra-genotype (Fig. 2E and F)
a less pronounced enlargement of the bell shaped curve (black
bars) describing the SC adipocyte size distribution can be seen for
HFD Hp2/2 as compared with HFD WT mice, indicating a
reduced fluctuation of size in the former. While a good extent of
overlapping is in fact present in the distribution of adipocyte size
between lean and obese Hp2/2 mice, diet change determines an
almost complete separation of the distributions in the WT mouse.

Hp deficiency and WAT gene expression. To investigate the
molecular mechanisms underlying the herein observed phenotypic
differences and get further insights into the role of Hp in WAT,
the expression of genes relevant for four functional categories,
including adipocyte size, terminal differentiation, proliferation
and angiogenesis, were investigated.

The size of individual adipocytes is mainly defined by
triglyceride (TG) content that is hydrolyzed during lipolysis to
glycerol and fatty acids.17 To investigate the molecular mecha-
nisms underlying size related difference we monitored the
expression of Perilipin and hormone sensitive lipase (HSL), two
key regulators of TG hydrolysis.18,19 A modest downregulation of
perilipin and HSL was observed in the SC WAT of CFD Hp2/2

mice as compared with controls (Fig. 3A), In the EPI, but not
in the SC WAT of HFD Hp2/2 smaller size of adipocytes was
accompanied by a significantly increased expression of HSL and a
trend toward an increase of Perilipin (Fig. 3B).

Genes defining mature adipocytes, including fatty acid synthase
(FAS), lipoprotein lipase (LPL), adipose fatty acid binding
protein-4 (FABP-4/aP2) and peroxisome proliferator-activated
receptor gamma (PPARc) were also analyzed. A significantly lower
expression of LPL, aP2, PPARc was found in the SC WAT of
CFD Hp2/2 mice (Fig. 3C) as compared with CFD WT. No
genotype related differences were found in HFD mice (Fig. 3D).

Difference in adipocyte size may be accompanied by differences
in proliferation rate of progenitor cells (preadipocytes). To address
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Figure 1. Effect of HFD on physical parameters and adipose tissue histomorphology in the Hp2/2 mouse. (A) Body weight during HFD (Hp2/2,
gray squares, WT, black circles). (B) Fat % (PERI WAT weight + EPI WAT weight + SC WAT weight)/body weight) at the end of HFD. (C) Food intake
of Hp2/2 (gray squares) and WT (black circles) during HFD. (D) Left, bar graph showing the mean adipocyte area (mm2) in the SC and EPI WAT of HFD WT
and HFD Hp2/2 mice (n = 4 for both genotypes and tissues). Right, representative histological sections of SC and EPI WAT of HFD WT and HFD Hp2/2

mice. Mean weight of these fat depots was 1.48 ± 0.31 and 1.59 ± 0.17 g for WT and Hp2/2 respectively for SC WAT and 1.67 ± 0.99 and 1.65 ± 0.69 for WT
and Hp2/2 respectively for EPI WAT. (E) Bar graph showing DNA content in the SC and EPI WAT of HFD WT and HFD Hp2/2 mice (n = 5 for both genotypes
and tissues). (F) Morphometric analysis of adipocyte cell size distribution (based on a total of about 2000 cells/genotype) of SC WAT in HFD WT and HFD
Hp2/2 mice (n = 4 for each genotype). Adipocyte areas are binned according to the genotype (each bin = 300 mm2) and data are expressed as % of cells
per bin. Black rectangles indicate bins in which the comparison between genotypes is significant (chi-square test, p , 0.05). Data are expressed as
means ± SEM. For pair comparisons in (D), Student’s t-test, **p , 0.01, ***p , 0.001.
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this issue, we monitored the expression of genes regulating
proliferation, including positive regulators c-myc, c-fos, c-jun
and negative regulator, Jun B. In CFD mice, we found only a
difference for c-myc and Jun B (not significant), respectively down-
and upregulated in the Hp2/2 SC WAT (Fig. 3E). No genotype-
related significant differences were found in the obese mice with the
exception of c-Fos, which was upregulated in the SC WAT of
HFD Hp2/2 mice as compared with HFD WT (Fig. 3F).

In the obesity setting, WAT needs an increase in blood flow
and new vessel formation to prevent hypoxia. Given the
angiogenic properties attributed to Hp,20 we wanted to monitor
the abundance of endothelial markers [tyrosine kinase with
immunoglobulin-like and EGF-like domains 1 (TIE1), platelet/
endothelial cell adhesion molecule 1 (PECAM) and vascular
endothelial growth factor (VEGF)], upon Hp deficiency. A slight
reduction of TIE1 was observed in the SC WAT of CFD Hp2/2

mice (Fig. 3G, left panel). Surprisingly, an upregulation of both
TIE1 and PECAM was observed in the EPI WAT of HFD Hp2/2

mice. VEGF abundance was upregulated both in the SC and EPI
WAT of HFD Hp2/2 as compared with HFD WT (Fig. 3H).

Taken together these data suggest that Hp deficiency affects
WAT gene expression in different manners in both lean and
obese mice. In the former, the most evident effect is a decreased
abundance of terminal differentiation markers, while in the
latter, increased activation of the lipolysis machinery and upregu-
lation of angiogenesis related genes appear as the most relevant
consequences.

Hp and adipogenesis. Given the widely accepted concept
that adipogenesis may contribute to the enlargement of adipose
mass during obesity, we asked whether a different capacity to
undergo de novo adipose conversion might contribute to the
different WAT histological phenotype seen in HFD WT and
HFD Hp2/2 mice.

As previously reported by others, Hp mRNA increases during
adipose conversion.21 To further investigate if this adipogenesis
dependent regulation has functional implications, we isolated
mouse embryonic fibroblasts (MEFs) from Hp2/2 and WT mice.
No genotype dependent difference in proliferation rate, as assessed
by BrdU incorporation, was evidenced (not shown). When cells
were treated with an adipogenic differentiation cocktail, Hp2/2

MEFs showed a diminished capability to undergo adipogenesis as
compared with MEFs from controls. This was revealed by less
intense Oil Red O staining (Fig. 4A) and by significantly lower
triglyceride content in Hp2/2 MEFs as compared with WT MEFs
(Fig. 4B). These results were confirmed by the significantly

lower expression of terminal differentiation markers in Hp2/2 as
compared with WT MEFs (Fig. 4C). The expression of Leptin,
FAS, LPL and aP2 in Hp2/2 MEFs at day 10 post cocktail
induction (PCI) was respectively 47%, 41%, 68% and 38% that
of WT MEFs. Interestingly, a significant difference in the
expression of genes that orchestrate adipogenesis, including
PPARc and CCAAT/enhancer binding protein a (C/EBPa), was
already evident at earlier time points of the differentiation process.
As evidenced in Figure 4D, Hp2/2 MEFs showed a lower PPARc
expression at various time points PCI. C/EBPa showed a similar
trend (Fig. 4E), even if statistically significant only at day 4.

These results indicate that MEFs from Hp2/2 mice are less
prone to undergo adipose conversion and to store triglycerides.

Hp2/2 WAT in the developing animal. Although in vitro
differentiation of MEFs does not fully recapitulate what takes
place in vivo, our results rule out de novo adipogenesis as a
mechanism to explain the reduced adipocyte size found in obese
Hp2/2 mice. We then wanted to get further in vivo insights on
this issue during growth in the peri-weaning period, when upon
diet change (from breast to autonomous feeding) the adipose mass
enlarges and an increase in both adipocyte number and size is
required.16

We analyzed body fat in Hp2/2 and WT mice at postnatal
day (P) 30. Weight of SC and EPI WAT did not differ between
Hp2/2 and WT mice (Fig. 5A). Morphometric analysis per-
formed in SC and EPI WAT revealed a greater cell size in Hp2/2

mice as compared with WT, in line with what was observed in the
adult animal (Fig. 5B). Consistently, cell surface distribution
(herein shown for SC WAT, Fig. 5C) highlighted a lower and
higher number of respectively very small and large adipocytes in
Hp2/2 mice. When age dependent changes (P30 and adult) were
evidenced through an intra-genotype plot (Fig. 5D and E), we
observed a lower percentage of small cells (0–600 mm2) in the
Hp2/2 as compared with the WT in P30 mice (white line,
circles). Further, upon adulthood (3–5 mo of age, black line,
circles) this number was reduced in WT, whereas it remained
unchanged in the Hp2/2 mouse.

Gene expression studies performed on young mice revealed a
lower expression of adipocyte specific markers (FAS, LPL, aP2
and PPARc) in both the SC and EPI WAT (Fig. 5F and G), this
being in line with what was found in the MEFs and in the lean
adult mouse.

Taken together, these results indicate that features present in
the adult Hp2/2 WAT are already present in the newly formed
adipose tissue of very young animals.

Figure 2 (See previous page).WAT histomorphology in the lean Hp2/2 mouse: comparison with the obese. (A) Fat % in CFD WT and Hp2/2 mice. (B) Left,
bar graph showing the mean adipocyte area (mm2) in the SC and EPI WAT of CFD WT and CFD Hp2/2 mice (n = 4 for both genotypes and tissues). Right,
representative histological sections of SC and EPI WAT of CFD WT and CFD Hp2/2 mice. Mean weight of these fat depots was 0.14 ± 0.03 and
0.16 ± 0.04 g for WT and Hp2/2 respectively for SC WAT and 1.67 ± 0.99 and 1.65 ± 0.69 for WT and Hp2/2 respectively for EPI WAT. (C) Bar graph showing
DNA content in the SC and EPI WAT of CFD WT and HFD Hp2/2 mice (n = 5 for both genotypes and tissues). (D) Morphometric analysis of adipocyte cell
size distribution (based on a total of about 2,000 cells/genotype) of SC WAT in CFD WT and CFD Hp2/2 mice (n = 4 for each genotype). Adipocyte areas
are binned according to the genotype (each bin = 300 mm2) and data are expressed as % of cells per bin. (E and F) Intra-diet morphometric analysis
of adipocyte cell size distribution (based on a total of about 2000 cells/genotype) of SC WAT in WT (E) and Hp2/2 (F) CFD and HFD mice (n = 4 for each
genotype). Adipocyte areas are binned according to the diet (each bin = 300 mm2) and data are expressed as % of cells per bin for both diet regimens.
For (A–C) data are expressed as means ± SEM. Pair comparisons in (B), Student’s t test, **p , 0.01, ***p , 0.001. For (D–F) black rectangles indicate bins
in which the comparison between genotypes (D) and diet regimens (E and F) is significant (chi-square test, p , 0.05).
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Discussion

Findings presented herein indicate that obese Hp2/2 mice have a
smaller adipocyte size as compared with obese WT mice. Upon

obesity, a protection against excessive size of adipocytes has been
positively associated with increased insulin sensitivity and higher
expression of adiponectin.22,23 In line with this concept, we
previously demonstrated that higher adiponectin production and

Figure 3. WAT gene expression upon Hp deficiency. Relative expression of Perilipin and HSL in WAT of CFD (A) and HFD (B) mice. Relative expression
of FAS, LPL, aP2 and PPARc in WAT of CFD (C) and HFD (D) mice. Relative expression of c-myc, c-fos, c-jun and Jun B in WAT of CFD (E) and HFD (F) mice.
Relative expression of TIE1, PECAM and VEGF in WAT of CFD (G) and HFD (H) mice. In left and right panels data relative to SC and EPI WAT are shown
respectively. Data are expressed as means ± SEM, n = 4 for each group (i.e., SC CFD WT, SC CFD Hp2/2, etc.). Pair comparisons, Student’s t-test, *p, 0.05,
***p , 0.001.
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insulin-dependent AKT activation defines WAT as a key element
in the protection against the obesity associated onset of systemic
insulin resistance in the Hp2/2 model.7 In the context of the

present study we also found an increased activation of the
TG hydrolysis machinery and an augmented expression of
endothelial markers.

Figure 4. MEFs from Hp2/2 mice show a diminished capability to undergo adipogenesis. (A) Oil Red O staining (upper panels) and representative images
of cells (40� magnification, lower panels) in WT and Hp2/2 MEFs at terminal differentiation (day 10). (B) Triglyceride content measurement in WT and
Hp2/2 MEFs at terminal differentiation (day 10). (C) Leptin, FAS, LPL and aP2 relative expression at terminal differentiation (day 10) in WT and Hp2/2 MEFs.
PPARc (D) and CEBPa (E) relative expression during adipose conversion in WT and Hp2/2 MEFs. PPARc: 2-way ANOVA, genotype effect p , 0.0001,
time effect p , 0.0001, interaction p , 0.05. Bonferroni post-hoc tests: WT vs Hp2/2 *p , 0.05, **p , 0.01. CEBPa: 2-way ANOVA, genotype effect
p, 0.001, time effect p, 0.0001. Bonferroni post-hoc test: WT vs Hp2/2 *p, 0.05. Data are expressed as means ± SEM. For pair comparisons in (B and C)
Student’s t-test, *p , 0.05, **p , 0.01, ***p , 0.001.
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All these data are therefore consistent with an Hp deficient
phenotype that is partially protected from the onset of the
metabolic derangements of obesity which appears to be associated
with increased expression of the inflammatory molecule Hp.
In this respect, it is of interest to compare our findings with
those from Jo and colleagues,24 who employed a sophisticated
computational approach to the study of hypertrophy and
hyperplasia of adipocytes in obesity resistant FVB and obesity

susceptible C57BL/6J mice during regular CFD and HFD. Their
results indicate that hypertrophy and not hyperplasia is a major
determinant in the rapid enlargement of fat mass typical of HFD.
Cell size growth moves the mode of the cell size distribution to
larger sizes and increases the spread of the distribution around the
mode. This effect is more pronounced in the C57BL/6J mice that
become insulin resistant in response to HFD, as compared with
the FVB that remain more insulin sensitive. Our intra-genotype

Figure 5. Weight, adipocyte size and gene expression in the WAT of developing Hp2/2 mouse. (A) Weight of SC and EPI fat depots of P30 WT and Hp2/2

mice (n = 3). (B) Bar graph showing the mean adipocyte area (mm2) in the SC and EPI WAT of P30 WT and Hp2/2 mice. (C) Morphometric analysis
of adipocyte cell size distribution (based on a total of about 2,500 cells/genotype) of SC WAT in P30 WT and Hp2/2 mice. Adipocyte areas are binned
according to the genotype (each bin = 300 mm2) and data are expressed as % of cells per bin. Black rectangle indicates bins in which the comparison
between genotypes is significant (chi-square test, p , 0.05). (D and E) Morphometric analysis of adipocyte cell size distribution of SC WAT of P30 and
adult WT (D) and Hp2/2 (E) mice. Data are expressed as % of cells per bin. Black rectangle indicates bins in which the comparison between ages is
significant [chi-square test, p , 0.001 for (D)]. (F and G) FAS, LPL, aP2 and PPARc relative expression in SC (F) and EPI (G) WAT of P30 WT and Hp2/2 mice
(WT n = 3, Hp2/2 n = 2). Data are expressed as means ± SEM. For pair comparisons in (B) and (F), Student’s t test, *p , 0.05, ***p , 0.001.
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analyses, although not as accurate, revealed that in Hp2/2 mice
the cell size distribution spread, due to HFD, is attenuated as
compared with WT, thus confirming a resistance to the effect of
HFD, somewhat reminiscent of what takes place in the FVB
strain. Further, within the EPI WAT, Hp, deficiency results in
increased expression of perilipin and HSL. Perilipin is a key
regulator of both lipid storage and lipolysis that anchors to the
surface layer of the lipid droplet acting as an organizing center for
lipid metabolic enzymes, thus triggering lipolysis and reduction
of adipocyte size.25 Interestingly, transgenic overexpression of
perilipin resulted in improved glucose/insulin homeostasis in
HFD treated mice, this potentially being linked to the improved
glucose tolerance and insulin tolerance that we elsewhere reported
for HFD Hp2/2 mice.7 Among the adverse obesity outcomes
undergone by adipose tissue and attenuated by Hp deficiency,
data herein presented allow us to include protection against
reduced vascularization and blunted angiogenic potential. This
phenomenon is, in fact, often found in obese individuals26,27 and
constitutes the structural premise for hypoxia and downstream
consequences.28

In the lean Hp2/2 mouse, we did not previously observe7 any
metabolic alteration and, in contrast to what takes place in the
obesity condition, its WAT was characterized by larger adipocytes
since youth (P30). This is a very crucial period for development
of rodent adipose tissue, when diet changes from breast to
autonomous feeding. Studies performed in rat by Herrera and
colleagues indicate the period from birth to P40 as the phase with
the highest hyperplasia, at the end of which an important
hypertrophic phase begins (P40–P80).16 In this regard, we
previously reported that cathepsin K null mice, which do not
present any body fat alteration during adulthood, exhibit a delay
in the accumulation of fat stores that can be evidenced in this
specific phase.29 In the present study, cell size distribution mode
(over 40%) of P30 WT is centered on the 300–600 mm2 cell size,
whereas in the Hp deficient animal the mode (less than 30%) is
centered on larger cells (300–900 mm2). In addition, WAT of
young Hp2/2 mice exhibits a lower expression of the key
adipogenic orchestrator PPARc. If analyzed through Herrera’s
paradigm, this means that Hp deficiency impairs the hyperplastic
phase in favor of an anticipated hypertrophic phase of young
adipocytes. Accordingly, data obtained in MEFs show a reduced
capacity to be converted to adipocytes in the Hp2/2 as compared
with WT cells. It is therefore likely that at P30 adipogenesis is less
active in the WAT of the Hp2/2 mouse. Even more interesting is
what emerges when the age effect (from P30 to adult) is plotted
intra-genotype (Fig. 5E). Whereas cell size distribution of WT
mice shows a shift of the distribution mode to a larger cell size
(from 300–600 to 600–900 mm2), with a significant reduction in
the number of very small cells and an augmented percentage of
large cells (. 900 mm2, Fig. 5D), this shift in cell size distribution
was attenuated in Hp2/2 mice.

Lower expression of LPL, FAS, aP2, PPARc and c-myc
characterizes the lean adult Hp2/2 WAT. Interestingly, lipogenic
gene expression was reported to be inversely related to adipocyte
size in humans and this was suggested to contribute to insulin
resistance.23 In our case, larger size does not correspond to any

change in insulin-sensitivity in lean Hp2/2 mice. In this regard it
is worth noticing that in the study by Roberts and coworkers,
both lean and obese subjects were recruited (BMI range 20–37),
and when adipocyte size is plotted against HOMA-IS index, the
resulting negative relationship is importantly triggered by very
large adipocytes, likely deriving from obese subjects, that are not
represented in our sample.

It is of interest to analyze our findings also through the
innovative model proposed by Muller,30 who speculates about the
existence of signals sent by large adipocytes to order small
adipocytes to “take-over” the excess of lipid loading. This should
lead to the upregulation of lipid storage in small adipocytes and
thus blunt the spread (small/large) of cell size within the tissue. If
any, Hp action within this dialog has to be negative, given that
both during obesity and growth, Hp deficiency attenuated the
spread effect, implying that lipid storage is more homogeneously
distributed among existing cells.

Overall, our findings suggest that in the absence of the anti-
oxidant inflammatory-related factor Hp, the adipocyte size
distribution tends to be more static both during the hyperplastic
phase that characterizes the early stages of life and upon the HFD
induced hypertrophy. While the impaired adipogenic potential
observed in Hp2/2 MEFs accounts for the former observation, the
relationship with the latter is somewhat controversial. The role of
adipogenesis in the onset/protection against obesity and associated
comorbidities is being debated as exemplified by the following
studies: the groucho family member transducin-like enhancer of
split 3 (TLE3) is a potent facilitator of PPARc activity and an
adipogenic factor. Transgenic mice that overexpress this factor in
WAT show an ameliorated insulin resistance upon HFD.31 By
contrast, an ameliorated glucose and fat metabolism is observed in
mice that are deficient for phospholipase C (PLC) d1, which also
promotes adipogenesis.32 De novo adipogenesis is not the only
determinant of adipocyte size distribution, which is also
importantly controlled by cell loss. Excessive size triggers a
necrotic cell death phenomenon in obesity.33,34 Further, enhanced
oxidative stress (OS) has been implied in HFD-dependent cell
death in adipose tissue.35 This effect could be amplified by
the lack of Hp, the main carrier of the potent oxidant free
Hb. Although purely speculative, a possibility is that in the obese
Hp2/2 mouse, very large cells, more susceptible to die in normal
conditions, are further selected negatively by high OS and become
less represented in the population.

In conclusion, our data suggest that adipocytes from Hp2/2

mice are less susceptible to become oversized during obesity.
Further, Hp deficiency impairs adipose conversion of mouse
embryonic fibroblasts, this being consistent with signs of less active
adipogenesis shown by the lean young and adult Hp2/2 mouse.

Materials and Methods

Experimental animals. The strategy used to target the Hp locus
and generate Hp2/2 mice was as previously described.36 Age-
matched littermates C57BL/6J wild type were used as controls.
Adult mice were placed on either a CFD (Diet 2018 Teklad
global diet, 18.9% protein, 5.7% fat and 57.3% g/weight
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carbohydrate, Harlan Teklad) or on a HFD (Diet F3282, 19%
protein, 36% fat and 35% carbohydrate g/weight, Bioserve). Food
intake and BW were monitored as previously described.7 Animals
that did not reach 40 g of weight at the end of the diet were
excluded from further investigations. No genotype-related
difference was observed in the frequency of failure to become
obese. SC (from the inguinal region), EPI and perirenal (PERI)
WAT from adult and P30 mice were dissected, weighed, then
frozen in liquid nitrogen for mRNA expression experiments or
stored in formalin for histology. Fat % was calculated as follows:
(weight of EPI WAT + weight of PERI WAT + weight of SC
WAT)/body weight.

The experimental protocols followed the Principles of
Laboratory Animal Care and a specific authorization was issued
by Italian Ministry of Education (114/2003-A of 16/09/2003) to
CNR Neuroscience Institute, where animals were housed.

Histological and morphometric analysis of tissues. SC and
EPI WAT of adult and P30 mice were fixed in 10% formaldehyde
and embedded in paraffin. Five-micrometer sections of paraffin-
embedded samples were stained with H&E. At least 15 random
optical fields per individual sample were acquired using a Nikon
Eclipse i80 microscope (40X magnification). Adipocyte areas were
determined using ImageJ software.

MEFs isolation, culture, proliferation rate and differentiation.
Primary MEFs were isolated from embryos of WT and Hp2/2

mice at 15 d post coitum. Embryos were surgically removed
and separated from maternal tissue and yolk sack. The bodies
were finely minced, washed in phosphate-buffered saline (PBS)
and digested in a solution of 0.1% trypsin-EDTA with shaking
at 37°C for 10 min. The solution was allowed to settle for 2 min
and the supernatant was centrifuged for 3 min at 1200 rpm at
37°C. Cells were resuspended in Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen 41965) supplemented with
10% heat-inactivated fetal bovine serum (FBS), 100 U/ml
penicillin and 100 mg/ml streptomycin and plated at 104 cells/
cm2 at 37°C in 5% CO2. All experiments were performed using
cells at passage 3. Cell proliferation was measured using a
commercial colorimetric BrdU incorporation based immunoassay
(Roche Diagnostics 11647229001) following manufacturer’s
instructions.

For differentiation MEFs were allowed to reach confluence,
and two days after (day 0) adipose conversion was induced by
addition in the culture medium of an induction cocktail
containing 1.67 mM insulin (Sigma-Aldrich, I-5500), 5 mM
dexamethasone (DEXA, Sigma-Aldrich, D1756), 0.3 mM
3-isobutyl-1-methylxanthine (IBMX, Sigma-Aldrich, I7018) and
1 mM rosiglitazone (BRL-49653, kindly provided by Glaxo
SmithKline). From day 2 post induction, cells were cultured with
DMEM supplemented with only 1.67 mM insulin and 1 mM
BRL, that was renewed every 2 d until terminal differentiation
(day 10). Pictures of differentiated cells were taken using a Leica
microscope (40� magnification).

Oil Red O staining. Oil Red O staining was performed at
the end of MEFs differentiation process (day 10). Cells were
washed twice with PBS and fixed with 3.7% formaldehyde

(Sigma-Aldrich, F8775) in PBS for 1 h at room temperature
(RT). Cells were then washed three times with deionized water
and stained with filtered Oil Red O working solution [six parts
Oil Red O stock solution (0.5% w/v in isopropyl alcohol, Sigma-
Aldrich, O-0625): four parts water] for 1 h at RT. Excess stain
was removed by washing with water.

Assessment of triglyceride content. Cellular triglyceride (TG)
content was evaluated after Oil Red O staining by spectro-
photometric quantification, dissolving the stained lipid droplets in
100% 2-propanol for 10 min. Optical density of the extracts was
then measured with a spectrophotometer Bio-Rad (iMark,
Microplate Absorbance Reader) at 500 nm.

Isolation of total RNA and Real-Time PCR. Total RNA from
tissues was extracted with Isol-RNA Lysis Reagent (5 PRIME,
2302700) according to manufacturer’s instructions and retro-
transcribed as previously described.29

Taq-Man quantitative PCR was performed on an ABI Prism
7700 Sequence Detection System (Applied Biosystems) using
TATA-binding protein as control for equal loading. Predesigned
mouse primers and probes were obtained from Applied
Biosystems. Data were analyzed using the DD-ct method.

Isolation of gDNA. Fifty milligrams of frozen tissues (EPI and
SC from CFD and HFD mice) were lysed using 200 ml of lysis
buffer (10 mM TRIS HCl pH 8.8, 60 mM NaCl, 10 mM
EDTA, 0.5% Triton X-100, Proteinase K 1 mg/ml). After
incubation at 50°C for 4 h, samples were spun at 14,000 for 10’,
supernatants collected, phenol-chloroform-isoamyl alcohol
extracted. gDNA was finally precipitated with 3 M sodium
acetate and 2.5 volumes of ethanol. Quantification was performed
using a BioRad spectrophotometer at 260 nm.

Statistical analysis. The number of mice in each experimental
group is indicated in the figure legends. The two-tailed Student’s
t-test was used for paired comparisons. The chi-square test was
employed to evaluate differences and calculate p values for cell size
distributions; standardized residuals for each cell were calculated
in order to determine the major contributors of global
significance. The area values have been logarithmic transformed
so as to correct the skewness of the distribution. Preliminary tests
were also conducted to check for data normality and homogeneity
of variances using the Kolmogorov-Smirnov and the Levene’s
tests, respectively. A significance limit of p , 0.05 was set. When
specified, 2-way ANOVA followed by Bonferroni post-hoc tests
for selected comparisons was used. All values are expressed as
means ± SEM.
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