
Proteasome Alterations During Adipose Differentiation and
Aging: Links to impaired adipocyte differentiation and
development of oxidative stress

Kalavathi Dasuria, Le Zhanga, Philip Ebenezera, Sun Ok Fernandez-Kima, Annadora J.
Bruce-Kellera, Luke I. Szwedab, and Jeffrey N. Kellera,c

aPennington Biomedical Research Center, Louisiana State University System, Baton Rouge
Louisiana 70808.
bFree Radical Biology and Aging Program, Oklahoma Medical Research Foundation, Oklahoma
City, Oklahoma, USA.

Abstract
Intracellular proteins are degraded by a number of proteases including the ubiquitin-proteasome
pathway (UPP). Impairments in the UPP occur during the aging of a variety of tissues, although
little is known in regards to age-related alterations to the UPP during the aging of adipose tissue.
The UPP is known to be involved in regulating the differentiation of a variety of cell types,
although the potential changes in UPP during adipose differentiation have not been fully
elucidated. Simultaneously elucidating how the UPP is altered in aging adipose tissue and
adipocyte differentiation, and determining the effects of proteasome inhibition on adipocyte
homeostasis and differentiation, are critical issues to elucidate experimentally. Adipogenesis
continues throughout the life of adipose tissue, with continual differentiation of pre-adipocytes
essential to maintaining tissue function during aging, while UPP alterations in mature adipocytes
is likely to directly modulate adipose function during aging. In the current study we demonstrate
that aging induces alterations in the activity and expression of principal components of the UPP.
Additionally, we show that multiple changes in the UPP occur during the differentiation of 3T3-
L1 cells into adipocytes. In vitro data link observed UPP alterations to increased levels of
oxidative stress and altered adipose biology relevant to both aging and differentiation. Taken
together, these data demonstrate that changes in the UPP occur in response to adipose aging and
adipogenesis, and strongly suggest that proteasome inhibition is sufficient to decrease adipose
differentiation, as well as increase oxidative stress in mature adipocytes, both of which likely
promote deleterious effects on adipose aging.
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Introduction
Proteasome is a large multisubunit complex, responsible for majority of intracellular
proteolysis, degrading proteins in an ATP-dependent pathway as well as an ATP-
independent pathway (1–2). The activity of the proteasome is mediated by the coordinated
functions of the 20S (ATP-independent) and 26S (ATP-dependent) proteasome complexes
(1,3–7), with the activity of these two complexes measured by taking advantage of the
differences in molecular weight, and the ability of complex specific co-activators to
stimulate proteasome activities. The ubiquitin-proteasome pathway (UPP) has a well
established role in a number of physiological and pathological processes (8–10). Numerous
studies have linked proteasome-dependent proteolysis to the degradation of oxidized
proteins (6, 11–13), identifying the proteasome as a modulator of oxidative stress in a
variety of settings.

The UPP is present in all cells of the body, and plays a vital role in regulating cellular
homeostasis (14–17), with proteasome inhibition known to be inhibited in a number of
tissues with aging (8,18–19). The biological importance of these findings is highlighted by
reports that proteasome inhibition is sufficient to mimic multiple aspects of aging (8,19–20).
In addition to aging, the proteasome is known to be important in the process of cellular
differentiation (21–24).

Adipose tissue is known to undergo significant changes during aging including changes in
distribution (25–26), function (27–29), and differentiation (25, 30). Because of the
increasing levels of adiposity in Western societies around the world, and the acceleration in
the number of elderly around the world, there is an increasing urgency for understanding the
interactions between adiposity and aging. This is highlighted by the numerous studies
demonstrating the links between adiposity and the development of metabolic disease and a
host of morbidities. Currently, little is known in regards to whether aging alters the UPP in
adipose tissue, or whether the UPP is altered during the differentiation of adipocytes. In the
present study we demonstrate that the UPP undergoes dramatic changes in response to both
aging and adipose differentiation, with proteasome inhibition inhibiting adipocyte
differentiation and promoting oxidative stress in mature adipocytes. The importance of these
findings to the biology and pathophysiology of adipose tissue aging is discussed.

Materials and Methods
Materials

The substrates Boc-Leu-Arg-Arg-AMC (PGPH-L activity) and Suc-Leu-Leu-Val-Tyr-AMC
(ChT-L activity) were purchased from Bachem America’s Inc., (Torrance, CA). The
substrate Boc-Leu-Ser-Thr-Arg-7-Amido-4-methylcoumarin (T-L activity) was purchased
from Sigma Aldrich Company (St Louis, MO). The antibodies used in this study were
antibodies against β-actin (SC-47778) and ubiquitin (SC -8017) (Santa Cruz, CA, USA),
Alpha 7 or C8 (Clone MCP72) subunit 20S proteasome-mouse mAb, 19S regulator ATPase
subunit Rpt3 (S6b,TBP7) -mouse mAb, Subunit β5 for 20S proteasome-Rbt, 11S regulator
subunit PA28 alpha rabbit polyclonal antibody (BIOMOL International, Plymouth Meeting,
PA, USA). Antibodies against PPARγ and c/EBPβ were purchased from Cell Signaling
Technology, Incorporated (Danvers, MA). MG132 was purchased from EMD chemicals
(Gibbstown, NJ). All the HRP conjugated secondary antibodies were purchased from Vector
Laboratories, USA. All electrophoresis and immunoblot reagents were purchased from Bio-
Rad Laboratories (Hercules, CA, USA). Dulbecco's modified Eagle's medium containing
high glucose and glutamine (DMEM, Cat. No: 10-017-CV), Fetal bovine serum (FBS-
SH30071), calf serum (SH3011803), trypsin (Cat No: SH 30236.02) and antibiotics
penicillin G/streptomycin (16-700-49) were purchased from Fisher Scientifics (Pittsburgh,
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PA). All other items and chemicals including Insulin (I1882), 3-isobutyl-1-methylxanthine
(IBMX-I5879), dexamethasone (D4902), Oil Red O stain and MTT were purchased from
Sigma-Aldrich Corp (St. Louis, MO, USA).

Animal tissues
All animal experiments were approved by the IACUC of Pennington Biomedical Research
Center. Animals at 2 month, 12 month and 22 month of age were used in the present study.
Animals were male and Ad Libitum chow fed C57Bl/6 mice obtained from the contract
colony of the National Institute on Aging maintained by Charles River Laboratories.
Animals were fasted overnight and euthanatized by isoflurane anesthesia followed by rapid
decapitation. Tissues were manually dissected and frozen at −80°C until further use.

Adipocyte differentiation
Murine 3T3-L1 preadipocytes purchased from the American Type Culture Collection (Cat.
No: CL-173, Manassas, VA) were cultured in DMEM high glucose containing 10% calf
serum and antibiotics (100 units/ml penicillin G and 100 µg/ml streptomycin). The medium
was changed every 48 h. To obtain fully differentiated adipocytes, the 3T3-L1 preadipocytes
were plated and grown in 6 well plates to 1 day post confluence and induced to differentiate
by changing the medium to DMEM containing 10% FBS and 0.5 mM IBMX, 1 µM
dexamethasone and 1.7 µM insulin (MDI) as previously described with some modifications
(31,32). After 48 hours, medium was replaced with DMEM high glucose supplemented with
10% FBS, pen/strep and 0.425 µM insulin. Thereafter medium was replaced every 2 days
with DMEM high glucose medium containing 10% FBS. Cells were used at 3, 6, 9 and 12
days after induction of differentiation for experiments. The extent of differentiation for
adipocyte cultures in the present study is indicated by days, which refers to days post
induction with MDI medium.

To see the effect of MG 132 on lipid accumulation in 3T3L1 adipocytes, 3T3L1 fibroblast
differentiation in to adipocytes was induced as described above with the addition of
indicated amounts of MG132 to the medium for 7 days. Fresh media with vehicle or MG132
was administered daily. The lipid accumulation in the 7th day cells after induction of
differentiation were observed by staining the cells with Oil Red O stain.

Oil Red O staining
Oil Red O staining was performed to visualize the lipid accumulation in differentiating
adipocytes following treatment with proteasome inhibitor, MG132 for 15hours, as described
previously (31) with some modifications. Cells were gently washed with PBS and fixed in
10% of formalin for 1 hour. 0.5% Oil Red O stock solution was prepared in 99%
Isopropanol and then the working solution was made by mixing 4 parts of Oil Red O stock
solution to 1 part of water. After 1 hour incubation of cells in formalin, 60% isopropanol
was added to each well and incubated for 5 minutes. After 5 minutes, 60% isopropanol was
removed and then the cells were incubated with filtered Oil Red O working solution for one
hour at room temperature. After that, cells were washed gently with distilled water to clear
the background and analyzed under microscope.

Analysis of proteasome activities
Assays for proteasome activity were performed as described previously by our laboratory
(33) using the fluorogenic substrates for Post Glutamyl Peptidase like (PGPH-L),
Chymotrypsin like (ChT-L), and Trypsin like (T-L) activities. The reaction was conducted
in 250 µl of activity assay buffer in a 96 well black assay plate with clear bottom containing
50 µg/ml of protein lysate, 20mM Tris HCl, pH 7.8, 1 mM EDTA, 0.5 mM DTT and 5mM
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MgCl2, 2mM ATP and 50 µM of the corresponding substrate. The reaction mixture was
incubated for 1 hour at 37°C and the fluorescence of the released AMC product was
measured in Molecular Devices plate reader at an emission wavelength of 355 nm and an
excitation wavelength of 460 nm. The background fluorescence values obtained by
incubating the lysates with MG132 were subtracted from activity values as described
previously by our laboratory (33, 34). The proteasome activity per mg of the protein per
hour was calculated from the fluorescence values and all subsequent data expressed as
percent control values.

Western blot analysis
The protein samples were analyzed by SDS-PAGE and immunoblotted with specified
antibodies as described previously by our laboratory (33).

Analysis of oxidized proteins
4-Hydroxynonenal (HNE) modified proteins in cell or tissue lysates were analyzed by
western blot analysis. Antibody against HNE and the following working protocol was kindly
provided by Dr Luke Szweda (Oklahoma Medical Research Foundation). Briefly, the
proteins were transferred on to the PVDF membrane and the membrane was incubated in
freshly made solution containing 250 mM sodium borohydride in 100 mM MOPS, pH 8.0
for 15 minutes, which was done to chemically reduce the adduct for antibody recognition.
After 15 minutes of incubation the membrane was washed for 3 times with water and
another 3 times with PBS, with 5 minutes used for each washing step. The membrane was
blocked in 5% milk for 1 hour and then incubated overnight with 1:2000 dilution of HNE
antibody in 5% milk. The membrane was developed using ECL reagent. Protein carbonyl
levels were analyzed using Oxyblot kit (Millipore) as described by the manufacturer.
Briefly, cell or tissue lysates were derivatized with DNP and then the derivatized products
were detected by the Western blot analysis as described by the manufacturer.

Results
Analysis of 20S and 26S proteasome activity in aging adipose

In our first set of studies we sought to determine how the relative levels of 20S and 26S
proteasome activity are altered during aging. These studies used adipose tissue collected
from 2-, 12- and 22-month old male C57Bl/6 mice. In these studies we observed that the 3
major proteolytic activities of the 26S proteasome decreased during adipose aging (Figure
1A). Similarly, the 20S activities of the proteasome were decreased during adipose aging
(Figure 1B). Interestingly, Post Glutamyl Peptidase like (PGPH-L) activities of the 20S and
26S proteasome were the least affected by aging (Figure 1), with chymotrypsin-like (ChT-L)
activity of the 20S proteasome the most inhibited during adipose aging. These data indicate
that there are gross impairments in the 20S and 26S proteasome complexes in adipose tissue
with aging.

Effects of aging on proteasome subunit expression
Aging significantly decreased alpha-7 and beta-5 proteasome subunit expression in fat
adipose tissue (Figure 2). These data suggest that both non-catalytic (alpha) and catalytic
(beta) subunits of the core proteolytic complex exhibit decreased expression during aging.
Aging increased the levels of 19S subunit expression in adipose tissue (Figure 2). No
significant changes in 11S subunits of the proteasome complex were observed during aging
(Figure 2). These data are consistent with 26S cap-associated proteins of the proteasome
being differentially impacted by aging in adipose tissue.
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Effects of aging on levels of ubiquitinated and oxidized proteins
In order to understand the influence of aging on ubiquitinated protein levels, we analyzed
the levels of ubiquitinated proteins in the same tissues used for measurements of proteasome
activity and expression. In these studies we surprisingly observed that even though
proteasome activity was decreased with aging, the levels of ubiquitinated protein did not
significantly increase in response to aging (Figure 3A). Studies then identified that these
same samples exhibited a significant age-related increase in both oxidized proteins (Figure
3B) as well as 4-hydroxynonenal (HNE) conjugated proteins (Figure 3C). These data are
consistent with the presence of increased oxidative stress in adipose tissue during aging.

Changes in proteasome activities during adipose differentiation
Pre-adipocytes within adipose tissue continually differentiate, and this development of new
adipocytes is critical to maintain adipose tissue homeostasis (28,29). Understanding the
changes in proteasome activity that occur during adipocyte differentiation are important to
elucidate, since they could contribute to development of proteasome inhibition during aging.
In this experimentation we sought to elucidate how individual 20S and 26S proteasome
activities were altered during adipose differentiation. In these studies we observed that the
levels of chymotrypsin (Ch-L), trypsin (T-L) and Post Glutamyl Peptidase like (PGPH-L)
activities of the 26S proteasome were decreased during adipocyte differentiation (Figure
4A). ChT-L activity of the 26S proteasome was the most effected, undergoing significant
decreases starting at day 3 differentiation (Figure 4A). In contrast to the sustained inhibition
of 26S ChT-L and T-L activity, the activity of 26S PGPH-L was not significantly inhibited
until day 12 of differentiation (Figure 4A). Initial decreases in 20S T-L activity were
transient and not significantly different than control values by day 9 of adipocytes
differentiation. The 20S ChT-L and PGPH-L activities were both inhibited at day 9 and 12
of adipocyte differentiation (Figure 4B). These data indicate that while not identical to
aging, differentiation of cells into adipocytes is associated with gross impairments in
multiple proteasome activities.

Changes in proteasome subunit expression during adipose differentiation
Similar to aging, the levels of beta-5 expression were decreased with increasing
differentiation (Figure 5). The alpha-7 subunit, in contrast to aging, did not undergo any
significant decline in expression (Figure 5). No significant or consistent change was
observed with the proteasome cap protein S6b (Figure 5), even though the levels of the cap
protein 11S significantly increased with adipose differentiation (Figure 5A). These data
identify the complex nature of proteasome subunit changes which accompany adipocyte
differentiation.

Effects of differentiation on levels of ubiquitinated and oxidized proteins
Differentiation did not significantly alter the levels of ubiquitinated protein (Figure 6A) in
adipose cells, similar to what was observed during aging. Differentiation of adipocytes
produced a significant and transient increase in the amount of oxidized proteins (Figure 6B),
while at the same time inducing a sustained increase in HNE-modified proteins (Figure 6C),
consistent with the presence of oxidative stress during differentiation.

Effect of acute proteasome inhibition on mature differentiated adipocytes
Next we analyzed the acute effects of the proteasome inhibitor MG132 on survival of
mature differentiated adipocytes. Oil Red O staining with adipocytes following MG132
treatment showed a decrease in the lipid content with increasing amounts of MG132 (Figure
7). Following administration of proteasome inhibitors there was also a dose-dependent
increase in ubiquitinated, oxidized, and HNE-modified proteins (Figure 8). These data are
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consistent with proteasome inhibition in mature adipocytes being sufficient to promote
decreased lipid content, and increased oxidative stress.

Effect of chronic proteasome inhibition on differentiating immature adipocytes
While the previous studies identify that proteasome inhibition occurs in response to aging
and differentiation of adipocytes/adipose tissue, and identify proteasome inhibition being
sufficient to promote oxidative stress, they do not provide insight as to the potential for
proteasome inhibition altering adipocyte differentiation. Because continual differentiation of
pre-adipocytes within adipose tissue is essential to maintaining homeostasis, it is possible
that stressors promoting inhibition of basal proteasome activity in pre-adipocytes in adipose
tissue, may inhibit adipocyte differentiation during aging. Therefore, we next sought to
elucidate if proteasome inhibitors had any effect on differentiating adipocytes prior to their
maturation into adipocytes. Chronic treatment with low level proteasome inhibitors resulted
in dramatic decreases in Oil Red O staining (Figure 9), consistent with decreased lipid
content. In contrast to acute treatment in mature adipocytes, chronic administration of
proteasome inhibitors to differentiating cells resulted in a low level transient increase in
ubiquitinated, oxidized, and HNE modified proteins (Figure 10). Surprisingly, this same
treatment significantly decreased the levels of key adipogenesis transcription factors PPARγ
and C/EBPβ (Figure 10). These data are consistent with chronic proteasome inhibition in
differentiating adipocytes having similar effects as acute treatment in mature adipocytes in
regards to reduced lipid content, which is accompanied by a reduced level of adipogenic
transcription factors.

Discussion
The current study is the first to show that the activity and expression of the proteasome is
altered within aging adipose tissue. The fact that both 26S and 20S activities of the
proteasome are inhibited suggests that there are gross perturbations in the functionality of
the proteasome occur and thereby alter the function of the UPP. Interestingly, this decrease
in proteasome activity occurs even though we observed the basal levels of proteasome
activity to be lower in adipose tissue as compared to tissues such as the liver (data not
shown). It is likely that the impairments in proteasome activity contribute to age-related
changes in adipose function and adipose differentiation, consistent with numerous other
studies of the UPS and aging in non-adipose tissue. For example, it has been shown that
proteasome activity and proteasome subunit expression alters with age in variety of tissues
including liver, brain, heart, spleen and spinal cord (8, 33–35). Numerous studies in non-
adipose tissue have demonstrated that inhibition of the proteasome is sufficient to induce
cytoxicity, oxidative stress, and pathology. These data raise possibility of decreased UPP
function triggering pathology in aging adipose tissue. Interestingly, the UPP is believed to
influence the development of obesity and insulin signaling in type 2 diabetes (36–40) and
regulate the degradation of proteins essential to adipose function. Insulin receptor protein
(IRS1) involved in insulin signaling, and is known to be inactivated by degradation through
the UPP (41–43). Taken together, these data suggest that age-related impairments in UPP
function may be particularly important to the genesis of age-related insulin resistance in
adipose tissue, as well as other features of adipocyte pathogenesis during aging (44–46).
Additionally, our studies indicate a role for proteasome inhibition for reducing adipogenesis
(reduced lipid content and key adipogenic transcription factors) in differentiating cells.
These data are consistent with proteasome inhibition promoting significant and deleterious
changes to aging adipose depots due to effects on both mature as well as differentiating
adipose cells.

Based on our in vitro proteasome inhibitor experiments it appears that proteasome inhibition
may directly contribute to increased oxidative stress in mature adipose cells during aging.
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Increases in oxidized proteins are increasingly linked to adipose aging and obesity (47,48).
Studies have linked oxidative stress in the adipocytes to insulin resistance and metabolic
dysfunction, with the mechanism of such pathophysiology remaining largely unknown (49–
51). Currently it is not known how such increases in oxidative stress occur within adipose
tissue. Our data indicates that proteasome inhibition may be a central mechanism by which
deleterious increases in both oxidized and HNE-modified proteins become elevated in
adipose tissue. Recently we have shown that aging also increases the levels of hypoxia in
adipose tissue (52), with hypoxia known to promote impairments in proteasome function
(53). Alternatively, the presence of readily oxidized lipid within adipocytes may act as a
potential modulator of UPP activity. Studies from our laboratory and numerous others (19,
20, 54–56) have demonstrated lipid peroxidation products such as HNE are potent inhibitors
of the UPP. Taken together, these data open the potential for a feed forward cascade of
increased levels of oxidized and HNE-modified proteins and proteasome impairment
occurring with adipose aging and obesity.

Proteasome activity has been shown to be at its highest level during the early stages of
differentiation, in human adipose derived stem cells (45), decreasing in activity as the stem
cells become differentiated. In the present study we differentiated a cell line into adipocytes,
using one of the most common models of adipose differentiation, and observed a decline in
proteasome activity with increasing differentiation. Alterations in the UPP during adipose
differentiation almost certainly are a part of organized patterns of protein regulation, which
is required for adipose differentiation. Identifying those UPP substrates which are key to
successful adipose differentiation is important not only advancing our understanding of
adipose aging and adipose differentiation, but will also likely provide clues for designing
therapeutic strategies for the prevention of adipose tissue expansion in clinical disorders
including obesity, dyslipidemia, and type 2 diabetes. Of particular interest is the
determination of how proteasome inhibition decreases the levels of both PPARγ and C/
EBPβ, which are both key regulators of adipogenesis. It is almost certain that this down
regulation of pro-adipogenic factors is due to the complicated changes in the proteome
which occurs in response to proteasome inhibition, which likely results in the modulation of
both inhibitors as well as inducers of PPARγ and C/EBPβ expression.

Because the continual differentiation of pre-adipocytes into mature adipocytes is essential to
maintaining adipose homeostasis (38,39), the inhibition of basal proteasome function in pre-
adipocytes may be another important way whereby age-related proteasome inhibition
deleteriously alters adipose function. In this scenario stressors during aging result in a
chronic loss of differentiating pre-adipocytes within the adipose tissue. In this model, the
effects of proteasome inhibition on mature adipocytes within the aging tissue would be
magnified, due to a lack of new mature adipocytes occurring replacing and/or diluting the
effects of aging on older adipocytes.

Interestingly, even though proteasome activity is decreased with aging and differentiation,
we did not see the expected increase in ubiquitinated protein levels. While the basis for this
is not known, we anticipate that it may be mediated in part to a decrease in protein synthesis
following proteasome inhibition. In studies from our laboratory and others, it has been
established that impairments in proteasome function result in rapid and reversible
impairments in protein synthesis (18, 57, 58), which means there are fewer proteins
available for ubiquitination.

Our studies for the first time link changes in proteasome expression and function to
increases in oxidative stress during adipose aging and adipose differentiation. Our studies
indicate that whether occurring in mature adipocytes or differentiating adipocytes,
proteasome inhibition is sufficient to induce oxidative stress and profound changes in
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adipose biology. Given the unprecedented increase in both aging and obesity in modern
society, these data highlight the importance for age-related impairments in proteasome
activity within adipose tissue being a potential mechanism for the continued rise in
metabolic disease. Developing interventions which prevent or delay proteasome impairment
in adipose tissue, as interventions which delay the downstream effects of proteasome
inhibition on adipocyte pathogenesis, will likely be a very important avenue for the
treatment and prevention of metabolic disease in the elderly.

Highlights

Aging impairs proteasome function in adipose tissue. Proteasome inhibition is sufficient
to modify adipocyte homeostasis. Proteasome inhibition may contribute to adipose aging.
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Figure 1. Proteasome activity decreases with age in adipose tissue
Adipose tissue lysates were assayed for (A) 26S proteasome (+ATP) and for (B) 20S
proteasome (+0.02% SDS) activity as described in methods section. Results represent the
mean of 5 sets of experiments (n =5), where each animal represents an n =1, conducted
under identical experimental conditions. 2M: 2 month ; 12M: 12 month ;22M: 22 month;
AL: Ad Libitum. *P=0.05 when compared with 2M AL.
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Figure 2. Proteasome subunit expression is altered with aging in adipose tissue
Adipose tissue lysates were analyzed for the proteasome subunit expression using Western
blot analysis. Results represent the mean of 5 sets (n =5) of experiments, where each animal
represents an n =1, conducted under identical experimental conditions. 2M: 2 month; 12M:
12 month; 22M: 22 month; AL: Ad Libitum. *P=0.05 respectively, when compared with 2M
AL.
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Figure 3. Changes in ubiquitinated and oxidized protein levels with aging in adipose tissue
Adipose tissue lysates were analyzed for (A) ubiquitinated, (B) oxidized and (C) HNE (4-
hydroxy-2-nonenal) modified proteins, using Western blot analysis. Results represent the
mean of 5 sets (n=5) of experiments, where each animal represents an n =1, conducted under
identical experimental conditions. 2M: 2 month; 12M: 12 month; 22M: 22month; AL: Ad
Libitum. *P=0.05 when compared with 2M AL.
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Figure 4. Proteasome activity changes during adipocyte differentiation
Lysates of 3T3L1 adipocytes following 3, 6, 9 and 12 day of differentiation were assayed for
(A) 26S proteasome (+ATP) and for (B) 20S proteasome (+0.02% SDS) as described in
methods section. Results represent the mean of 5 sets (n=5) of experiments), where each
animal represents an n =1, conducted under identical experimental conditions. *P=0.05
when compared with 3T3 L1 preadipocytes, which was taken as percent control in the
represented graphs.
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Figure 5. Changes in proteasome subunit protein expression during adipocyte differentiation
Lysates of 3 T3L1 adipocytes following 3, 6, 9 and 12 day of differentiation were analyzed
for proteasome subunit protein levels, using western blot analysis. Results represent the
mean of 5 sets (n=5) of experiments, where each cell culture dish represents an n =1,
conducted under identical experimental conditions. *P=0.05 when compared with 3T3 L1
preadipocytes, which was taken as percent control in the represented graphs.
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Figure 6. Changes in ubiquitinated and oxidized protein levels during adipocyte differentiation
Lysates of 3 T3L1 adipocytes were analyzed for (A) ubiquitinated, (B) oxidized and (C)
HNE (4-hydroxy-2-nonenal) modified proteins, using Western blot analysis. Results
represent the mean of 5 sets (n=5) of experiments, where each cell culture dish represents an
n =1, conducted under identical experimental conditions. *P=0.05 when compared with 3T3
L1 preadipocytes.

Dasuri et al. Page 17

Free Radic Biol Med. Author manuscript; available in PMC 2012 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Effect of acute proteasome inhibition on lipid accumulation of differentiated 3T3-L1
adipocytes
9 day (post induction) differentiated adipocytes were treated with different concentrations of
MG132 for 15 hours and then analyzed by Oil Red O staining to visualize the effect of
MG132 on lipid accumulation (A) and Oil red O stained lipid amount was quantified by
measuring the absorbance at 570nm after extraction with ethanol (B). Results represent the
mean of 5 sets (n=5) of experiments, where each culture dish represents an n =1, conducted
under identical experimental conditions. *P=0.05 when compared with untreated 3T3 L1
adipocytes, which was taken as percent control in the represented graphs.
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Figure 8. Effect of proteasome inhibition on ubiquitinated and oxidized protein levels in
differentiated 3T3-L1 adipocytes
9 day (post induction) differentiated adipocytes were treated with different amounts of
MG132 for 15 hrs. Cell lysates were analyzed for (A) ubiquitinated, (B) oxidized and (C)
HNE (4-hydroxy-2-nonenal) modified proteins, using Western blotting analysis. Results
represent the mean of 5 sets (n=5) of experiments, where each culture dish represents an n
=1, conducted under identical experimental conditions. *P=0.05 when compared with
untreated 3T3 L1 adipocytes, which was taken as percent control in the represented graphs.
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Figure 9. Effect of chronic proteasome inhibition on lipid accumulation of differentiating 3T3-L1
preadipocytes
3T3-L1 preadipocytes were induced for adipocyte differentiation as described in methods
with the addition of indicated amounts of MG132 to the medium for 7 days. On day
7,differentiated adipocytes were analyzed by Oil Red O staining to visualize the effect of
MG132 on lipid accumulation (A) and Oil Red O stained lipid amount was quantified by
measuring the absorbance at 570nm after extraction with ethanol (B). Results represent the
mean of 5 sets (n=5) of experiments, where each culture dish represents an n =1, conducted
under identical experimental conditions. *P=0.05 when compared with untreated 7 day 3T3
L1 adipocytes.
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Figure 10. Effect of chronic proteasome inhibition on ubiquitinated, oxidized, and adipogenic
protein expression in 3T3-L1 preadipocytes
3T3-L1 preadipocytes were induced for adipocyte differentiation as described in methods
with the addition of indicated amounts of MG132. Fresh media with MG132 was added
daily to the cultures. On day 7, differentiated adipocytes for (A) ubiquitinated, (B) oxidized,
(C) HNE (4-hydroxy-2-nonenal) modified proteins, and (D) PPARγ & C/EBPβ levels.
Results represent the mean of 5 sets (n=5) of experiments, where each culture dish
represents an n =1, conducted under identical experimental conditions. *P=0.05 when
compared with untreated 7 day 3T3 L1 adipocytes.
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