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Abstract

C/EBP homologous protein (CHOP) is a transcription factor that is elevated in adipose tissue
across many models of diabetes and metabolic stress. Although increased CHOP levels are
associated with the terminal response to endoplasmic reticulum stress and apoptosis, there is no
evidence for CHOP mediated apoptosis in the adipose tissue during diabetes. CHOP protein levels
increase in parallel with protein succination, a fumarate derived cysteine modification, in the
adipocyte during metabolic stress. We investigated the factors contributing to sustained CHOP
proteins levels in the adipocyte, with an emphasis on the regulation of CHOP protein turnover by
metabolite-driven modification of Keapl cysteines. CHOP protein stability was investigated in
conditions of nutrient stress due to high glucose or elevated fumarate (fumarase knockdown
model); where cysteine succination is specifically elevated.

CHOP protein turnover is significantly reduced in models of elevated glucose and fumarate with a
~30% increase in CHOP stability (p>0.01), in part due to decreased CHOP phosphorylation.
Sustained CHOP levels occur in parallel with elevated haem-oxygenase-1, a production of
increased Nrf2 transcriptional activity and Keapl modification. While Keap1 is directly succinated
in the presence of excess fumarate derived from genetic knockdown of fumarase (fumarate levels
are elevated >20-fold), it is the oxidative modification of Keapl that predominates in adipocytes
matured in high glucose (fumarate increases 4-5 fold). Elevated fumarate indirectly regulates
CHORP stability through the induction of oxidative stress. The antioxidant N-acetylcysteine (NAC)
reduces fumarate levels, protein succination and CHOP levels in adipocytes matured in high
glucose. Elevated CHOP does not contribute elevated apoptosis in adipocytes, but plays a redox-
dependent role in decreasing the adipocyte secretion of interleukin-13, an anti-inflammatory
chemokine. NAC treatment restores adipocyte IL-13 secretion, confirming the redox-dependent
regulation of a potent anti-inflammatory eotaxin.
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This study demonstrates that physiological increases in the metabolite fumarate during high
glucose exposure contributes to the presence of oxidative stress and sustained CHOP levels in the
adipocyte during diabetes. The results reveal a novel metabolic link between mitochondrial
metabolic stress and reduced anti-inflammatory adipocyte signaling as a consequence of reduced
CHOP protein turnover.
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Introduction

The CCAAT enhancer binding protein (C/EBP) homologous protein (CHOP) is a basic
leucine zipper transcription factor that can form heterodimers with the adipogenic
transcription factors C/EBPa and C/EBPB. CHOP binding of C/EBP isoforms suppresses
adipogenic gene transcription due to the inability of the complex to interact with normal
C/EBP binding sequences on the target gene (1, 2). The production of CHOP is upregulated
in response to cellular stress including endoplasmic reticulum (ER) stress, oxidative stress,
DNA damage, and hypoxia (3, 4, 5). The upregulation of CHOP as a consequence of ER
stress has been documented in the adipose tissue of mouse models and human subjects (6, 7,
8, 9, 10, 11). We have observed that CHOP levels are strikingly elevated in adipocytes
matured in high glucose versus normal glucose conditions, and this is associated with
mitochondrial stress and reduced ER chaperone function during glucotoxicity (12, 13). The
remarkably persistent levels of CHOP in parallel with mitochondrial stress appears to be
independent of the activation of other markers of the unfolded protein response (UPR, 12),
suggesting that CHOP levels are stabilized in the adipocyte during continued glucotoxicity.

Although elevated CHOP levels are typically associated with the induction of apoptosis
during chronic ER stress (14), our recent data does not support a role for CHOP-mediated
apoptosis in adipocytes (12). The accumulation of CHOP in the absence of apoptosis has
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been described in the adipose tissue of obese insulin resistant patients (15), and insulin
resistant mice (16). CHOP has alternative physiological roles in non-adipose cells including
modulation of hepatocyte metabolic gene expression (17), adrenal steroid hormone synthesis
(18) and chondrocyte survival (19).

CHORP is phosphorylated at Ser30 by several kinases; this inhibits transcriptional activity
(20), and promotes the ubiquitination and proteasomal degradation of CHOP in
macrophages (21). However, little is known about the mechanism regulating CHOP stability
in the adipocyte during diabetes. Kelch-like ECH-associated protein 1 (Keapl) has been
described as a negative regulator of CHOP stability in adipocytes, where Keapl and cullin3
E3 ubiquitin ligase form a supercomplex with the COP9 signalosome (CSN) (22). CSN
associated kinases, including CK2, further phosphorylate proteasome substrates to regulate
protein stability (23). CHOP binds the CSN/cullin3 E3 ubiquitin ligase/Keapl
supercomplex, and this stimulates its degradation by the proteasome in adipocytes. The
modification of stress-responsive Keapl cysteines, and subsequent Keapl degradation, may
be a significant contributor to the sustained presence of CHOP during cellular stress. Keapl
contains 25 cysteine residues, 3 of these (Cys151, Cys273, Cys288) are confirmed sensors of
oxidative stress that regulate the stabilization of nuclear factor (erythroid-derived 2)-like 2
(Nrf2) (24, 25, 26). Protein succination refers to the non-enzymatic Michael addition
reaction between the Krebs cycle intermediate fumarate and available cysteine thiols to form
the irreversible chemical modification S-(2-succino)cysteine (2SC) (27, 28). The 2SC
modification (protein succination) has previously been detected on the regulatory Cys151
and Cys288 of Keapl in fumarase (Fhl) deficient mouse embryonic fibroblasts (29).
Fumarate ester treatment of neurons also results in the modification of Keapl regulatory
cysteines and the induction of the Nrf2 transcription program (30, 31). Nuclear accumulation
of Nrf2 and upregulation of target antioxidant genes correlates directly with the succination
of Keapl (29, 30), confirming that fumarate is a physiologically relevant electrophilic
activator of Nrf2 transcription.

The presence of excess fumarate results in a pronounced increase in protein succination in
both adipocytes matured in high glucose, and in the adipose tissue of diabetic db/db and
ob/ob mice (32, 33, 34). We have established that intracellular fumarate levels increase
several fold in adipocytes matured in high glucose concentrations as a direct result of
glucotoxicity driven mitochondrial stress (35, 13). Protein succination alters the structure
and decreases the function of proteins such as adiponectin and protein disulfide isomerase in
the adipocyte during glucotoxicity (33, 13). In the current study we investigated if fumarate
is a novel metabolic regulator of CHOP stability in adipocytes during glucotoxicity. We
hypothesized that direct succination of Keapl may prevent CHOP degradation, thereby
stabilizing CHOP protein levels. We demonstrate that the nature and extent of metabolic
stress are model-dependent, and confirm that this influences CHOP protein stability in
adipocytes. Alleviation of metabolic stress in adipocytes decreases CHOP stability and
impacts I1L-13 secretion in a CHOP-dependent manner.
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Materials and Methods

Materials

Unless otherwise noted, all chemicals were purchased from Sigma Aldrich (St. Louis, MO).
Insulin was purchased from Bio Ab Chem (Ladson, SC) for in vitro studies. Tween-20 and
Criterion™ TGX™ Precast Gels were from Bio-Rad (Hercules, CA). Polyvinylidene
fluoride (PVDF) was purchased from GE Healthcare (Fairfield, CT). L-glycine and sodium
dodecyl sulfate (SDS) were purchased from Fisher Scientific (Waltham, MA).

Animal Models

Male ab/db mice (BKS.Cg-Dock7™ +/+ Leprdb/J, JAX 000642) and heterozygote control
mice were purchased from Jackson Laboratories (Bar Harbor, ME). The mice were obtained
at 5-6 weeks of age and were maintained with unrestricted access to food and water until 15
weeks of age. The mice were sacrificed at 15 weeks of age, at which time serum and adipose
tissue depots were frozen for further analysis.

Protein Extraction from Adipose Tissue

Cell Culture

Adipose tissue was homogenized in 0.5 — 5 mL radio immunoprecipitation assay (RIPA)
buffer. A supernatant (lipid), infranatant and pellet were visible after centrifugation for 10
minutes at 5000 rpm. Acetone (9x volume) was then added to each extracted infranatant
sample. The samples were vortexed, allowed to sit on ice for 10 minutes and then
centrifuged at 2000 rpm for 10 minutes. The acetone was removed completely and the
protein pellets were re-suspended in 0.3 — 1 mL of RIPA buffer. The protein concentration
was determined using the Lowry method (36).

3T3-L1 murine fibroblasts were purchased from American Type Culture Collection
(Manassas, VA) and were differentiated and matured as previously described (12). Briefly, 5
mM glucose/0.3 nM insulin or 25 — 30 mM glucose/3 nM insulin was applied for ~8 days.
These conditions were selected as we have observed that adipocytes cultured in normal
glucose/insulin are a more appropriate control for the high glucose/insulin (diabetic)
conditions normally used as control adipocyte conditions (12). The medium was changed
every 48 hours, and the adipocytes were matured for 3, 5, 8 or 12 days. 10 uM MG132, 40
UM sulforaphane or 300 uM dimethyl fumarate (DMF) was added to the maturation medium
3 hours prior to harvest. In some cases cells were treated with 0, 2.5 or 5 mM N-
acetylcysteine (NAC, prepared in DMEM, pH adjusted to 7.4). While we used tunicamycin
to induce ER stress as a positive control for CHOP immunoblotting in some procedures, the
data presented focuses on the induction and stability of CHOP in response to metabolic
stress, rather than forced tunicamycin chemical stress. Cells cultured in 5 mM glucose were
supplemented with 5 mM glucose daily and 5 hours prior to protein harvest to maintain
glucose levels.
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Lentiviral Vector Production & Transduction

The lentiviral vectors were prepared by the University of South Carolina Viral Vector
Facility. Lentiviral vectors were generated using a transient transfection protocol, as
described by Kantor et al. (37). TRC2 Fh1 shRNA, clone- TRCN0000246831 or SHC202
MISSION TRC2 pLKO.5-puro non-mammalian shRNA control plasmids (Sigma/Aldrich,
St. Louis, MO) were used to generate the lentiviral vectors. The vectors also contained a
puromycin resistance gene. 15 ug vector plasmid, 10 pg psPAX2 packaging plasmid
(Addgene #12260, Cambridge, MA), 5 ug pMD2.G envelope plasmid (Addgene #12259,
Cambridge, MA) and 2.5 pug pRSV-Rev plasmid (Addgene #12253, Cambridge, MA) were
transfected into 293T cells. The filtered conditioned medium was collected and stored at
—80°C until use. The Keapl-V5 overexpression plasmid was kindly provided by Dr. Anil
Jaiswal, University of Maryland. The plasmid sequence was validated by PCR and cloned
into a lentiviral vector containing green fluorescent protein (GFP) (pLenti-CMV-KEAP1-
IRES-GFP). A vector containing the Keap1-V5 sequence in the opposite orientation was
used as a control. The vector was produced as described above and the filtered conditioned
medium was obtained following determination of the titer.

3T3-L1 fibroblasts were incubated overnight with 150 pL of filtered conditioned medium
containing £/ shRNA or scrambled control lentivirus. Successfully transduced fibroblasts
were selected using 1 pg/mL puromycin. The selected fibroblasts were propagated until
confluent, then differentiated to adipocytes and matured for 8 days in normal or high glucose
as described above. 3T3-L1 fibroblasts or FHKD fibroblasts were differentiated as described
above and transduced with the Keap1-V5 plasmid on maturation day 1. Over-expression of
the Keapl protein was monitored in adipocytes via green fluorescent protein through 5 or 8
days of maturation. Successful maturation in both glucose concentrations was confirmed by
the accumulation of lipid droplets in the adipocyte by light microscopy (32, 12).

Measurement of Reactive Oxygen Species

FHKD or scrambled control adipocytes were matured in 5 mM or 30 mM glucose in serum
free, phenol red free medium for 2.5 hours. 10 uM Amplex® UltraRed Reagent was added
directly to the maturation medium. The fluorescence was recorded at 490, Nm and 585q,
nm every hour for 4 hours. Relative fluorescent units were normalized to total protein
content per well following determination by the Lowry assay. FHKD or scrambled control
adipocytes were matured for 2 days in 5 mM or 30 mM glucose medium. The cells were
rinsed with sterile PBS and incubated for 45 minutes at 37°C with 500 pL serum free and
phenol red free medium and 0.0065 pg/uL dichlorofluorescein (DCF). The DCF containing
medium was removed and the cells were returned to maturation medium with serum free and
phenol red free DMEM. Relative fluorescent units were measured at 485¢, nm and 535¢p,
nm every 30 minutes for 4 hours and were normalized to the total protein content.

Cycloheximide Chase Assessment of CHOP Stability

3T3-L1 control or FHKD adipocytes were matured in 5 mM or 25 mM glucose for 8 days.
Adipocytes (triplicate samples/group) were harvested at time point 0 hours and 3.5 pg/mL
cycloheximide was added to four additional groups, which were then harvested every hour
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for 4 hours. 10 uM MG132 was added to a separate group of adipocytes for 4 hours as a
positive control to inhibit proteasomal CHOP degradation.

Glutathione and IL-13 Quantification

Adipocytes were matured for 8 days in the presence of 5 mM or 25 mM glucose with 0 or 5
mM NAC, or 100 uM DMF for 24 hours. Cellular protein was immediately precipitated
using 5% salicyclic acid, sonicated and centrifuged at 14,000 rpm for 10 minutes. The
supernatant was removed and total glutathione levels were quantified fluorimetrically
according to the manufacturer’s instructions (Arbor Assay Glutathione Fluorescent
Detection Kit, Ann Arbor, MI). The media on 3T3-L1 adipocytes matured for 6 days was
replaced with serum-free DMEM for 4 hours prior to collection of conditioned media.
Secreted adipocyte IL-13 levels were quantified by ELISA according to the manufacturer’s
instructions (Interleukin-13 Mouse ELISA, Abcam, Cambridge, UK). Serum IL-13 and
epididymal adipose tissue 1L-13 levels from control and db/db diabetic mice were quantified
using the same IL-13 ELISA. Adipose tissue IL-13 levels were normalized to the protein
content of the sample.

Metabolite Quantification

The quantification of fumarate was performed by GC-MS at the David H. Murdock
Research Institute (DHMRI, Kannapolis, NC). Metabolite extraction was performed in an
adaptation of previous methods (38). Adipocyte lysates harvested in methanol from
confluent 10 cm? petri dishes were washed three times with ice-cold PBS followed by the
immediate addition of 20 volumes ice-cold chloroform:methanol (2:1). The samples were
vortexed and allowed to stand on ice for 10 min with intermittent vortexing prior to addition
of 0.2 volumes H,0. The samples were sonicated and allowed to stand on ice for an
additional 2 min, followed by centrifugation at 3,220 x g for 20 min. The aqueous
supernatant was transferred into a clean tube and dried under air. The extraction was
repeated an additional time by adding equal parts of methanol and deionized water,
centrifuging, and transferring the aqueous layer into the respective tube to dry. The protein
interface for each sample was removed for quantification of protein by the Lowry method.

Prior to derivatization the extracts were resuspended in ethyl acetate and transferred to GC-
MS vials. The samples were dried with N», and an internal standard (100 pM
succinate-13C,, Cambridge Isotope laboratories, Inc.) was added to each of the samples and
fumarate standards. The samples and standards were derivatized with 200 pl of methylamine
(20 mg/ml in pyridine, M.P. Biomedicals, Solon, OH) at 30°C for 90 min, followed by
drying under Ny. This was followed by the addition of 120 pl of N-methyl-N-(trimethylsilyl)
trifluoroacetamide (MSTFA, Sigma, St. Louis, MO) with 1% trimethylchlorosilane (TMCS,
Sigma, St. Louis, MO); the mixture was incubated at 70°C for 60 min. The derivatized
product was stored in a —20°C freezer for one hour prior to GC/MS analysis. An Agilent
7890A GC system, coupled to an Agilent 5975C electron ionization (EI) mass selective
detector (MSD) was used to analyze the TMS-derivatized samples as described previously
(38). Selected ion monitoring (SIM) was performed for fumarate and the peak areas
obtained were normalized to the added internal standard. Absolute quantitation was
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performed based on standard curves obtained from the normalized reference standards, and
the final metabolite concentrations were normalized to the protein content of the cells.

Organelle Enrichment Fractionation

3T3-L1 adipocytes were matured for 8 days as described above. The cells were washed 3
times with ice cold PBS and once with homogenization buffer. The cells were scraped into
500 uL of homogenization buffer and lysed using a glass homogenizer before passing each
lysate through a 25 gauge needle on ice. The samples were centrifuged at 500 x g for 10
minutes to generate the nuclear pellet, and the supernatant was removed and re-centrifuged
at 10,000 x g for 20 minutes to produce the mitochondrial rich pellet and cytosolic
supernatant.

Western Blotting

15-30 pg cell lysate protein or 30—100 pug mouse epididymal fat protein was subjected to
SDS-PAGE on a BioRad Criterion system prior to immunoblotting as previously described
(32). The membrane protein loading was visualized with Ponceau Red, followed by blocking
in 5% bovine serum albumin (BSA) or 5% non-fat milk according to the antibody
manufacturer’s recommendations. The primary polyclonal antibody to actin (sc-1616) was
from Santa Cruz Biotechnology Inc. (Dallas, TX). Polyclonal antibodies against fumarase
(#4567), Keapl (#4617), cleaved caspase 3 (#9664), and the monoclonal recognizing citrate
synthase (#14309) were obtained from Cell Signaling (Danvers, MA). The anti-heme
oxygenasel antibody was from Enzo Life Sciences (ADI-SPA-896D) (Farmingdale, NY).
The histone-H3 antibody (05928) was from Merck Millipore (Billerica, MA). The
monoclonal antibody to CHOP (MA1-250) and the anti-V5-HRP linked (MA5-15253)
antibody were from Pierce (Rockford, IL). The polyclonal anti-2SC antibody was prepared
as described previously (32). Chemiluminescent substrate (Thermo Pierce, Rockford, IL)
was utilized followed by detection on photographic film (Denville Scientific, Metuchen, NJ).
Immunoblots were stripped (62.5 mM Tris, pH 6.8, 2% SDS and 0.7% (v/v) beta
mercaptoethanol) for 20 minutes at 65°C prior to re-probing with new primary antibodies.

Protein Immunoprecipitation

Keapl was immunoprecipitated from 400-800 pg of protein from control and FHKD
adipocytes expressing the VV5-Keapl lentivirus using anti-V5 agarose affinity gel (Sigma
Aldrich, St. Louis, MI), according to the manufacturer’s instructions. The beads were
washed 5 times with phosphate buffered saline and boiled with 2x Laemmli loading buffer
for 5 minutes to remove the antibody-antigen complex.

Mass Spectrometry

Endogenous succination of Keapl was identified following immunoprecipitation of the V5
tagged Keapl protein over-expressed in FHKD adipocytes. The samples were resolved by
SDS-PAGE, and the gel was stained with Coomassie Brilliant blue. After de-staining
overnight, the protein was excised from the gel and washed in 20% methanol and 7% acetic
acid solution to entirely remove the Coomassie blue stain. The samples were washed with
200 pL of 100 mM ammonium bicarbonate (pH 7.4) and dehydrated via acetonitrile and
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vacuum centrifugation. The gel pieces were allowed to rehydrate in 10 mM DTT for 30
minutes at room temperature, followed by alkylation by 170 mM 4-vinylpyridine in
methanol for 30 minutes. The pieces were washed twice with 100 mM ammonium
bicarbonate and acetonitrile, completely dehydrated in the vacuum centrifuge, before
rehydration in 50 mM ammonium bicarbonate buffer. Trypsin digestion was initiated with 2
pmol sequencing grade modified trypsin (Promega, Madison, W1) overnight at 37°C, as we
have performed previously (31, 38). Peptides were then extracted from the gel using 4%
formic acid and 20% acetonitrile solution and were concentrated to a total volume ~13 pL in
the speed vacuum centrifuge prior to MS/MS analysis. Selected ion monitoring was
performed to identify select pyridylethylated and succinated cysteine containing tryptic
peptides. 1 pL of the digested samples were analyzed on a Dionex Ultimate 3000-LC system
(Thermo Scientific, Rockford, IL) coupled to a Velos Pro Orbitrap mass spectrometer
(Thermo Scientific, Rockford, IL). A 75-um C18 stationary-phase LC column was used with
a 60-min gradient from 2% acetonitrile in 0.1% formic acid solution (solvent A) to 70%
solvent A and 30% solvent B (40% water in acetonitrile containing 0.1% formic acid). The
Orbitrap was operated in data-dependent MS/MS analysis mode and excluded all ions below
200 counts. An inclusion list of up to 3 abundant isotopic masses +/— 2.5 amu was used to
select the specific peptides for selected resonance monitoring and determination of the site
of madification. To further identify specific succinated sites MRM was used to monitor
select pyridylethylated and succinated tryptic peptide masses of interest (generated using
Protein Calculator software) for CID (collision-induced dissociation)-MS/MS analysis. The
data-dependent and CID-MS/MS data were analyzed using Proteome Discover 1.4 software
with SEQUEST search engine against the Mus musculus proteome uniprot_database. The
CID-MS/MS data was sequenced manually using Thermo Xcalibur 2.2 software to confirm
the modified peptides. The variable modifications of methionine oxidation, proline
hydroxylation, cysteine pyridylethylation (CE, 105.058 Da) or cysteine succination by
fumarate (C25C, 116.011 Da) were considered in each data search.

Data Analysis

Results

Image J software (National Institute of Health) was used to quantify band intensity by
densitometry. All statistical analysis were preformed using Sigmaplot 11 software, using the
student t-test or a one way ANOVA (n=3-6, *p< 0.05, or **p<0.01, ***p<0.001).
Glutathione and IL-13 measurements were analyzed using a one way ANOVA (*p<0.05,
**p< 0.01).

CHOP protein levels are stabilized in the adipocyte

The unfolded protein response is activated early during adipogenesis (3, 39), followed by
C/EBP homologous protein (CHOP) upregulation as the adipocytes mature. We have
previously confirmed increased CHOP protein levels in adipocytes matured in normal (5
mM) and high glucose (25-30 mM) in the first 2 days of maturation (12). This transient
increase in CHOP disappears by day 3 of maturation in normal glucose, while CHOP levels
continue to increase in parallel with increasing protein succination for the duration of
maturation in high glucose (Figure Sla, b)(12). Since adipocyte maturation and lipid
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accumulation progress as expected in both glucose conditions, and other markers of the UPR
resolve (12), we investigated why CHOP specifically remained elevated in the high glucose
condition. To determine if glucotoxicity impairs CHOP turnover versus the continuous
production of more CHOP, we performed a cycloheximide (CHX) chase experiment on
adipocytes matured in 5 mM or 25 mM glucose for 8 days. CHOP stability was monitored
over 4 hours, with the proteasomal inhibitor MG132 used as a positive control to allow
CHOP accumulation (15). Sustained CHOP stability was observed in the absence of protein
translation only in adipocytes matured in high glucose (Figure 1A), with a 29.5% increase in
CHORP stability in adipocytes matured in high glucose versus normal glucose after 4 hours
(p<0.01, Figure 1A). We have previously reported that lentiviral ShRNA knockdown of
fumarase expression results in a pronounced increase in both intracellular fumarate levels
and protein succination in 3T3-L1 adipocytes matured in a normal glucose concentration
(Figure S1c,d)(13). The CHX chase experiment was repeated in adipocytes transduced with
a scrambled control or fumarase knockdown (FHKD) lentivirus, and cultured in 5 mM
glucose to determine if protein succination has a direct role in preventing CHOP
degradation, independent of elevated glucose concentrations. Similar to adipocytes matured
in high glucose, FHKD adipocytes displayed a 28.5% increase in CHOP stability compared
to the control cells after 4 hours (n=3, p<0.01, Figure 1B), confirming a role for increased
fumarate in the regulation of CHOP turnover. Phosphorylation at Ser30 inhibits
transcriptional activity and promotes proteasomal degradation of CHOP (20,21). Assessment
of the phosphorylation status of CHOP Ser30 by immunoblotting demonstrated that CHOP
phosphorylation did not increase in adipocytes matured in high glucose or FHKD
conditions, despite the increased total CHOP levels when compared to respective controls
(Figure 1C, D). These results confirm that CHOP is not only increased, but also stabilized
during glucotoxicity and elevated fumarate, and further suggests that impaired
phosphorylation of CHOP may prevent its degradation.

Modification of Keapl cysteines enhances CHOP stability

Silencing of Keapl expression increases the steady state level of CHOP in LiSa-2 adipocytes
(22), emphasizing the importance of Keapl as a regulator of CHOP turnover. We therefore
sought to determine whether the modification of Keapl regulatory cysteines contributes to
CHORP stabilization. Since Keapl is a low abundance cytosolic protein, both FHKD-
scrambled control and FHKD adipocytes were transduced with a Keap1-V5 or a Keapl-V5-
scrambled control lentivirus to obtain sufficient protein for analysis. A significant increase in
protein succination in the FHKD adipocytes was confirmed with anti-2SC antibody (Figure
2A), concomitant with detection of both Keapl and the V5 tag (Figure 2A).
Immunoprecipitation of overexpressed Keapl-V5 demonstrated that Keapl is succinated in
the presence of abundant fumarate in FHKD adipocytes (Figure 2B). LC- MS/MS analysis
following in-gel digestion identified the precise cysteine residue modified by fumarate. The
top panel of Figure 2C displays the spectrum corresponding to the succinated peptide
288C2SCE1LQADAR?2% ([M+2H]?*: 567.7625), containing the Keap1 regulatory Cys288.
This result confirms the previous observation that Cys288 is a target of succination in A1/~
murine embryonic fibroblasts, where F/1 knockout also generates abundant fumarate (Adam
2011). The mass of the analogous control peptide containing the pyridylethyl (PE) cysteine
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modification ([M+2H]2*: 562.2803) was also detected (16.57 minutes, lower panel, Figure
2C).

The antioxidant sulforaphane and the fumarate ester dimethyl fumarate (DMF) are both
known electrophilic modifiers of the redox sensitive cysteines of Keapl, resulting in the
nuclear translocation of Nrf2 (30, 40, 41). Adipocytes were treated with 40 uM sulforaphane
or 300 uM DMF for 3 hours, followed by detection of CHOP. The modification of Keapl
nucleophilic cysteines resulted in elevated CHOP protein levels (Figure 2D,E). Heme
oxygenase (HOX1), an antioxidant protein upregulated in response to Nrf2 transcriptional
activity (42), was also increased by both compounds (Figure 2D,E). This data establishes
that the succination of Keapl cysteines occurs in the presence of significant fumarate
elevations, promoting the accumulation of CHOP.

Elevated fumarate induces oxidative stress to activate the Keap1/Nrf2 pathway

HOX1 protein levels were increased in adipocytes matured in 25 mM glucose; and in the
epididymal adipose tissue of 15 wk old db/ab mice compared to controls (Figure 3A, B),
concomitant with increased Keapl modification/Nrf2 activity. Increased HOX1 protein
levels were also observed in the FHKD adipocytes (Figure 3C), which was expected given
that elevated fumarate promotes Nrf2 transcriptional activity (29). Given that Keap1 is
succinated in the FHKD adipocytes (Figure 2B,C), we next investigated if Keapl is also
succinated in adipocytes matured in high glucose, where fumarate levels are endogenously
increased (Frizzell 2012). The successful transduction and overexpression of the Keap1-V5
lentivirus in adipocytes matured in 5 mM or 25 mM glucose was confirmed (Figure 3D).
Surprisingly, immunoprecipitation of enriched Keapl (black arrow, 73 kDa) failed to detect
any succination of Keapl in adipocytes matured in high glucose (Figure 3E) and was not
evident by mass spectrometry.

Since the direct succination of Keapl by fumarate in the high glucose environment could not
be detected; we investigated if the oxidative modification of Keapl thiols (25) might
predominate in the high glucose environment. Analysis of reactive oxygen species (ROS)
production by both Amplex Red® (hydrogen peroxide) and dichlorofluorescein (DCF)
demonstrated a significant increase in ROS production in adipocytes matured in high
glucose versus normal glucose (*p<0.05, Figure 3F,G). ROS levels were also increased in
the FHKD adipocytes, and in adipocytes following brief treatment with DMF when cultured
in normal glucose (*p<0.05, **p<0.01, Figure 3H), indicating that elevated fumarate is
specifically capable of inducing oxidative stress in the adipocyte. The balance in the levels
of fumarate and oxidants produced by the FHKD or high glucose adipocyte models likely
determines whether Keap1 thiols are succinated or oxidized.

N-acetylcysteine reduces ROS and decreases CHOP stability, but differentially impacts
fumarate levels in high glucose versus fumarase knockdown

The antioxidant N-acetylcysteine (NAC), pKg ~9.5, reacts slowly with fumarate at
physiological pH to form 2SC in vitro (27). NAC is a precursor for glutathione (GSH)
synthesis (43, 44) and has some reactivity with fumarate in FA1 deficient cells (45). We
investigated if NAC would impact fumarate levels and protein succination in adipocytes
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matured in high glucose over 6-8 days. The quantification of intracellular fumarate levels
following treatment of adipocytes with 0-5 mM NAC revealed that the 4-fold increase in
intracellular fumarate concentrations were decreased ~2 and ~2.65 fold with 2.5 and 5 mM
NAC, respectively (n=3, *p<0.05, ***p<0.001)(Figure 4A). Figure 4B demonstrates a
concomitant decrease in total protein succination in adipocytes matured in high glucose in
the presence of 2.5 or 5 mM NAC. This suggests that the NAC thiol moiety may react
directly with endogenous fumarate to lower protein succination. The exogenous supply of
NAC should also promote the synthesis of GSH. Total intracellular GSH was quantified in
adipocytes matured in normal or high glucose in the presence of 5 mM NAC for 8 days, or
100 uM DMF for 24 hours (as a positive control to deplete GSH, 46). Total GSH levels were
reduced by 36% in high glucose versus normal glucose (*p<0.05), whereas NAC protected
against glucotoxicity induced oxidative stress by increasing GSH levels in high glucose
(Figure 4C). ROS production in high glucose was also reduced in the presence of 1 mM
NAC (Figure 4D,E). CHOP levels were markedly reduced in NAC-treated adipocytes; and
this occurred in parallel with reduced HOX1 protein levels - a surrogate for decreased Nrf2
activity (Figure 4F). Therefore, in high glucose conditions NAC is capable of reducing
fumarate and oxidant stress, decreasing Keapl oxidative modification and reducing CHOP
stability, as summarized in Figure 4G.

We next examined if NAC treatment would affect the FHKD adipocytes, where fumarate
levels increase >20-fold versus ~4-5-fold in adipocytes matured in high glucose (Figure 5A
vs. Figure 4A), FHKD adipocytes were cultured in normal glucose concentrations with 5 or
10 mM NAC for 8 days to determine if NAC affected fumarate levels and CHOP stability.
Interestingly, treatment of FHKD adipocytes with NAC was not sufficient to reduce fumarate
levels (Figure 5B), which contrasts with the NAC treatment of adipocytes matured in high
glucose (Figure 4A). Fumarate levels increase to 5-10 mM in fumarase deficient cancers
cells (47), therefore, the concentrations of NAC used (up to 5 mM) may not be sufficient to
impact the more abundant increase in fumarate in this genetic model. NAC administration
failed to reduce total protein succination levels, and unexpectedly the levels of succinated
proteins increased in the presence of NAC in FHKD adipocytes (Figure 5C). This occurred
in parallel with decreased levels of CHOP and HOX1 protein levels (Figure 5A). This
suggested that the NAC mediated correction of oxidative stress contributed to lower CHOP
levels, and that depletion of thiol oxidative stress by NAC might permit increased thiol
reactivity of some thiols with fumarate, conversely increasing succination. To assess the
oxidized thiol content we examined the levels of dimedone-stabilized cysteine sulfenic acids
in mature FHKD adipocytes upon NAC treatment (48, 49). Immunoblotting to detect the
dimedone adduct demonstrated a reduction in the profile of protein oxidation upon NAC
treatment (Figure 5D). Overall, the data suggests that some competition may exist between
fumarate and ROS for thiol reactivity within the FHKD adipocytes; a decrease in thiol
oxidation due to NAC addition permitted the excess fumarate to irreversibly modify more
cysteines by succination (Figure 5A,D).

2SC and CHOP accumulate in parallel in the absence of apoptosis

Figure 6 confirms the increased presence of CHOP in parallel with 2SC accumulation in
adipocytes cultured in high glucose (Figure 6A), and the adipose tissue from ab/db mice
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(Figure 6B), as well as in FHKD adipocytes (Figure 6C). While CHOP is frequently
associated with cleaved caspase 3 mediated apoptosis during severe ER stress (50), cleaved
caspase 3 levels were unchanged in all models (Figure 6A,B,C). In addition, there were no
morphological changes or loss of cell viability, protein content or change in nuclear content/
structure, even in adipocytes matured in high glucose or FHKD adipocytes for as long as 12
days (Figure 6D, Figure S2a,b). These data suggest an alternative role for elevated CHOP in
the mature adipocyte under conditions of metabolic stress.

CHOP accumulation is associated with impaired adipocyte IL-13 secretion

Biochemical fractions were prepared from adipocyte cell lysates to generate cytosolic,
mitochondrial and nuclear-enriched fractions (Figure S3). CHOP accumulates in the nuclear
fraction of adipocytes matured in 25 mM glucose versus 5 mM (Figure 7A), suggesting that
CHOP has a continued role in transcription under diabetic conditions. Suzuki et a/. have
demonstrated that silencing CHOP expression improves the transcription and secretion of
IL-13 in adipocytes, and in the adipose tissue of CHOP knockout mice fed a high fat diet
(16). Therefore, we investigated if CHOP mediated IL-13 production is regulated by
glucotoxicity-induced oxidative stress in the adipocyte as this may impact the inflammatory
status of adipose tissue. IL-13 levels were quantified in conditioned medium collected from
adipocytes cultured in 5 mM or 25 mM glucose +/- 5 mM NAC for 8 days (Figure 7B).
While the levels of secreted IL-13 were reduced in adipocytes matured in high glucose by
70%, supplementation with NAC completely restored 1L-13 secretion. Importantly, this data
shows that oxidative stress underlies the nuclear CHOP mediated abolishment of 1L-13
secretion in this model. Quantification of 1L-13 levels in the adipose tissue and serum of
ab/db diabetic mice versus controls demonstrated that local adipocyte levels of IL-13 were
reduced by ~60% in ab/db mice (Figure 7D, p=0.004), in parallel with pronounced CHOP
increases (Figure 7C), whereas serum levels of 1L-13 levels were unchanged (Figure 7E).
This suggests that the metabolic stress that drives increased CHOP has a significant impact
on local I1L-13 production, and these adipose tissue specific changes are not detected if only
serum IL-13 is monitored.

Discussion

In this study we demonstrate that elevated fumarate and protein succination are associated
with increased oxidative stress in the adipocyte, and that oxidative stress can promote the
stable accumulation of CHOP and the suppression of anti-inflammatory IL-13 production.
While CHOP is known to increase during the late stages of adipogenesis to restrict
prolonged adipogenic signaling (3), we demonstrate for the first time that CHOP protein
turnover is also markedly reduced during periods of nutrient-derived metabolic stress. We
confirmed the expected increase in CHOP protein levels following adipocyte maturation in
high glucose, and demonstrated that this is sustained only in high glucose, whereas CHOP
induction is only transient in normal glucose (12). Since adipocytes matured in normal
glucose differentiate and function normally, the transient induction of the UPR and CHOP
are a regulated process; we and others have shown that UPR induction is a normal response
to elevated insulin (10, 51, 52). In contrast, the stable accumulation of CHOP only appears
to occur during continued metabolic stress in adipocytes and adipose tissue. Since we
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observed sustained CHOP in parallel with increased protein succination (12), this suggested
an association between mitochondrial stress, fumarate accumulation and CHOP stability.
Proteasomal CHOP turnover was reduced during glucotoxicity, and during genetically
induced fumarate accumulation. Despite this, we observed no increase in CHOP
phosphorylation on Ser30, which is required for degradation, further suggesting that CHOP
levels were increased and stable, or that degradation was impaired. The regulation of CHOP
phosphorylation warrants further investigation in adipocytes, since AMP-activated protein
kinase alpha has been shown to phosphorylate CHOP (21), and decreased in AMPK activity
that has been described in obese, insulin resistant humans (53). Since CHOP ubiquitination
and subsequent degradation is also regulated by the formation of a Keapl-dependent
supercomplex in adipocytes, we hypothesized that succination of Keap1l in the presence of
elevated fumarate (29, 30) may disturb CHOP interacting with the degradation
supercomplex, thereby leading to CHOP accumulation. We confirmed that Keapl is
succinated on Cys288 in the intervening region (IVR) in fumarase knockdown (FHKD)
adipocytes overexpressing Keapl. The modification of cysteines within the IVR domain is
predicted to distort the tertiary structure of Keapl, impairing substrate ubiquitination and
preventing protein:protein interactions in the Cullin-E3 ligase complex (54). Acute treatment
with sulforaphane or dimethyl fumarate (DMF), both of which are electrophilic modifiers of
Keapl regulatory thiols, stabilized CHOP protein levels in the adipocyte.

In contrast to the FHKD adipocytes, we found no evidence of direct Keapl succination by
endogenously elevated fumarate in the adipocyte matured in high glucose (Figure 3C),
despite observing activation of the Keap1/Nrf2/HOX1 signaling pathway in adipocytes /in
vitro, and the adipose tissue of db/db diabetic mice. This demonstrates that the dramatically
increased levels of fumarate achieved using fumarase knockdown may lead to succination of
targets that are not detected during endogenous fumarate elevations in adipocytes in high
glucose. FHKD adipocytes allow the specific assessment of the contribution of fumarate to
metabolic stress, independent of other glucose derived metabolites, but also represent a
pronounced elevation in fumarate (20-fold increase versus ~4-fold increase in high glucose
adipocytes versus control, Figures 5A & 6A). Genetic knockout and knockdown models are
frequently employed to model tissue-specific metabolite stress (55, 56, 57), but these may
not always exhibit the same concentrations observed in metabolic diseases such as obesity
and diabetes, and may produce more pronounced effects on modified target proteins.

Considering that we could not detect direct Keapl succination in the high glucose model,
where fumarate is elevated in parallel with other sources of metabolic stress, we
hypothesized that Keap1 thiol oxidation may prevail over succination, driving CHOP
stability. Contrived mitochondrial derived ROS using antimycin A is associated with
elevated CHOP in preadipocytes (4). ROS production is endogenously increased in
adipocytes matured in high glucose (Figure 3F) (58, 59), as well as in FHKD adipocytes
(Figure 3G), similar to the observed accumulation of ROS in fumarase deficient mouse
kidney epithelial cells (45). The data demonstrates that specific increases in fumarate alone
are sufficient to drive oxidative stress; and that mitochondrial derived metabolite stress and
oxidant stress are inextricably linked. Reactive lipid aldehydes derived from superoxide and
hydrogen peroxide irreversibly modify amino acid side chains; increasing protein
carbonylation (60, 61). Total protein carbonylation positively correlates with growing
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adiposity and increasing serum free fatty acid levels in obese adults (62), highlighting
oxidative protein damage due to overnutrition. An acute study (6 days) of significant calorie
excess in humans demonstrated that oxidative stress, rather than inflammation or ER stress,
is the dominant, early contributor to deficient glucose uptake and decreased adipose tissue
insulin sensitivity (63).

Considering the combined increase in mitochondrial fumarate and oxidative stress in
adipocytes cultured in high glucose medium, we investigated if the antioxidant N-
acetylcysteine (NAC) might have a beneficial action that would also impact the levels of
protein succination. NAC treatment reduced the excess fumarate and lowered total protein
succination in the adipocyte matured in high glucose in parallel with an anticipated decrease
in ROS levels (Figure 4). While the reaction of NAC with fumarate is slow at physiological
pH (27), it is significant that adipocytes matured in high glucose medium produce elevated
citric acid cycle intermediates, as well as lactic acid, leading to an acidic microenvironment.
Kulkarni et al. have recently demonstrated that protonated fumarate produced in acidic
conditions may react more rapidly with thiols (64). The combination of fumarate
hyperaccumulation and acidic pH both appear to contribute to the total levels of protein
succination. The medium of adipocytes matured in high glucose conditions can reach pH 6.8
over the course of 48 hrs, and this may favor the reactivity of fumarate with NAC,
decreasing the levels of total protein succination. In contrast, the FHKD adipocytes matured
in normal glucose generate more fumarate, but the pH of the medium remains ~7.4. The
absence of an acidic microenvironment may alter the reactivity of fumarate with NAC in the
FHKD model (Figure 5 B,C). Indeed, we observed an increase in total protein succination in
the presence of NAC. This suggested that by ameliorating oxidative stress, NAC reduced
thiol oxidation and left more protein thiols available to react with the elevated fumarate
concentration. This was supported by reduced sulfenylation of some proteins in the presence
of NAC (Figure 5D). While there appears to be an anticorrelation between typically
nucleophilic cysteines and fumarate reactive cysteines (64), it is conceivable that the
modulation of nucleophilic thiols may structurally influence the reactivity of distal thiols, or
that there is competition for some accessible thiols.

Despite differences in the factors that drive Nrf2 transcription and HOX1 protein increases
in the high glucose and FHKD models, NAC treatment decreased HOX1 induction in both
models, indicating suppression of Nrf2 transcriptional activity. The correction of oxidant
damage by NAC in both models is sufficient to induce significant CHOP turnover by the
intact Keap1/Cul3 complex, preventing Nrf2 displacement, as evidenced by parallel
decreases in HOX1 expression.

CHOP induction is classically associated with apoptotic signaling cascades via
transcriptional suppression of the pro-survival Bcl-2 family members (65), but recent work
has elucidated additional roles independent of apoptosis (17, 18, 19). The accumulation of
CHORP in adipocytes following proteasomal inhibition by MG132 has no effect on the
protein levels of anti-apoptotic proteins Bcl-2 or Bax (15). Wild type and CHOP deficient
mice fed a high fat diet display similar expression of Bcl-2 and CD95, and show no change
in the ratio of TUNEL-positive cells to total nuclei, suggesting a limited role in apoptosis
during obesity (16). Our observations in metabolically stressed adipocytes, and db/db

Free Radlic Biol Med. Author manuscript; available in PMC 2021 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Manuel et al.

Page 15

adipose tissue also confirm no evidence of apoptosis when CHOP is elevated. Instead,
increases in caspase-1 mRNA and activation of the nucleotide-binding oligomerization
domain-like receptor-3 (NLRP3) inflammasome lead to hypertrophic adipocyte death by
pyroptosis, rather than CHOP-induced apoptosis, in the adipose tissue of db/db, ob/ob, and
high fat diet fed mice (66).

Elevated CHOP in adipose tissue has been linked to inflammation mediated insulin
resistance in mice fed a high fat diet, and CHOP knockout mice show a significant
improvement in fasting blood glucose levels and insulin sensitivity after high fat diet feeding
(7, 16). Interestingly, while the degree of macrophage infiltration does not change between
wild type and CHOP knockout mice, adipose-specific CHOP deficiency promotes anti-
inflammatory M2 macrophage polarization (7, 16). Further investigation on the functional
role of CHOP in obese adipocytes demonstrated that upregulated CHOP could suppress
IL-13 and IL-4 mRNA transcription, promoting M1 macrophage polarization in mice after 6
weeks of high fat diet feeding (16). Eosinophils are considered a predominant source of IL-4
and IL-13 in the adipose tissue microenvironment (67, 68), but the adipocytes themselves
are an important source of 1L-13 (69). CHOP knockout mice display upregulated
transcription of eotaxins and increased eosinophil recruitment resulting in increased I1L-4
levels, and the attenuation of inflammation in the adipose tissue microenvironment (16).
Interestingly, 1L-13 production was significantly higher in the adipocyte fraction of the
CHOP knockout mouse adipose tissue, and adipocyte IL-13 contributed to beneficial M2
polarization. We confirmed that the nuclear accumulation of CHOP correlates with reduced
adipocyte IL-13 secretion during maturation in high glucose versus normal glucose.
Antioxidant treatment with NAC, which alleviates oxidative stress mediated CHOP
stabilization (Figure 4), restores IL-13 secretion to the levels observed in adipocytes matured
in normal glucose (Figure 7). The levels of 1L-13 are also decreased in the db/db mouse
versus controls, in parallel with elevated CHOP in the adipose tissue. The decrease in
adipose tissue I1L-13 was accompanied by no change in circulating serum IL-13 levels,
further confirming that the local microenvironment has a large impact in determining the
adipose tissue chemokine profile. The significance of the adipocyte as a regulator of adipose
IL-13 production also explains why the rescue of obesity-related eosinophil deficiency did
not substantially increase IL-13 expression (70), and further underscores the importance of
understanding the metabolic stress that underlies adipocyte dysfunction and CHOP mediated
transcriptional regulation. GATA3 and STAT5a transcription factors can bind the promotor
region of the 1L-13 gene, resulting in the upregulation of IL-13 mRNA transcription (71).
Interestingly, GATAS is expressed in white adipose tissue (72) and forms transcription factor
complexes with C/EBPa and C/EBP to inhibit adipogenesis (73). It remains to be
determined if stable nuclear CHOP interacts with anti-inflammatory transcription factor
complexes containing GATA3 or STAT5a (74), thereby modulating the expression of
chemokines affecting macrophage polarity, including IL-13.

In summary, we find that increased fumarate levels and protein succination are coupled to
elevated oxidative stress; and that this leads to oxidative protein damage and impaired
CHOP turnover in the adipocyte. Sustained CHOP protein levels in the nucleus correlates
with decreased secretion of the anti-inflammatory cytokine IL-13. The improvement in
IL-13 secretion following NAC treatment is a direct result of limiting oxidant-mediated
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CHORP stabilization, emphasizing the importance of the intracellular oxidative environment
and CHOP turnover for adipocyte functions that drive local macrophage polarity.
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Highlights
. CHORP protein turnover and phosphorylation is reduced in the white adipocyte
. Increased fumarate contributes to oxidative stress in models of metabolic
stress
. Keap1 thiols are modified by fumarate or oxidants, preventing CHOP
turnover

. Elevated CHOP leads to reduced adipocyte IL-13 /n vitroand in db/db
adipose tissue

. N-acetylcysteine reduces CHOP levels and improves IL-13 secretion
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Figure 1: CHOP turnover decreases during metabolic stress in the adipocyte
(A) 3T3-L1 adipocytes were matured in 5 mM or 25 mM glucose or (B) transduced with

either scrambled control or fumarase (Fh) knockdown shRNA (FHKD), and matured in 5
mM glucose for 8 days. Protein synthesis was inhibited with 3.5 pg/mL cycloheximide
(CHX) and the adipocytes in each group were harvested at the indicated times (hrs) after
addition of CHX. CHOP protein levels over time are shown by immunoblotting with anti-
CHOP antibody and Coomassie blue staining represents equal protein loading. The graphs
display the natural logarithm of the relative levels of CHOP as a function of CHX chase
time. n=3/group for all treatments, p<0.01 at 4 hours. (C) The levels of phosphorylated
CHOP (pSer30) were compared to total levels of CHOP in adipocytes during normal and
high glucose exposure, or (D) upon shRNA knockdown of Fh. pCHOP levels were
normalized to total CHOP protein levels. Despite the pronounced increase in CHOP levels,

the level of CHOP phosphorylation is not increased when glucose or fumarate are elevated.

Representative experiments are shown with n=3 per group for immunablots.
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Figure 2: Keapl cysteine modification increases CHOP stability and HOX1 protein levels
(A) Control and fumarase knockdown (FHKD) adipocytes were transduced with the Keapl-

V5 tagged or empty control lentivirus. Immunoblotting with anti-2SC confirms increased
protein succination in adipocytes following ShRNA knockdown of Fh (FHKD) versus the
scrambled control. The overexpression of Keapl protein was confirmed Keapl and V5
antibodies. (B) Keapl was immunoprecipitated with anti-V5 agarose beads from up to 800
ug of protein from control or FHKD adipocytes, respectively. Immunoblotting for 25C
confirms intense Keapl succination, despite less total Keapl immunoprecipitated from the
FHKD lysates (Keap1/V5 panels). (C) Mass spectrum showing the regulatory Cys288 of
Keap1l is modified by fumarate in the FHKD adipocytes (upper spectrum). The
pyridyethylated form of this peptide was also detected (lower spectrum). (D-E)
Immunoblotting was performed to detect ChOp and heme oxygenase 1 (HOX1) levels in 30
ug protein lysates from adipocytes matured in normal glucose and treated with 40 uM
sulforaphane, 300 uM dimethylfumarate (DMF) or 10 uM MG132. Representative
immunoblot from samples prepared with a minimum of n=3 per group. Coomassie blue
staining indicates equal protein loading.
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Figure 3: Fumarate augments oxidative stress to modify Keapl and stabilize CHOP
(A-C) Protein from mature 3T3-L1 adipocytes, control or db/db epididymal adipose tissue

and control or FHKD adipocytes was immunoblotted and probed to detect heme oxygenase
1 (HOX1) protein levels. (D) Immunoblotting with anti-Keapl and -V5 antibodies validates
the successful transduction of the scrambled control or Keap1-V5 tagged lentivirus in
adipocytes matured in 5 mM or 25 mM glucose. (E) Protein (600 ug) from adipocytes
matured in 5 mM or 25 mM glucose was immunoprecipitated with anti-V5 agarose beads.
The eluted protein was immunoblotted to detect succination (2SC) in the the total
homogenate (TH) and immunoprecipitate (IP), followed by re-probing with anti-Keapl and -
V5 antibodies. Arrow indicates anticipated position of succinated Keapl (F-G) Measurement
of reactive oxygen species was performed using both Amplex Red and DCF detection
methods. Control or FHKD adipocytes were cultured in 5 or 30 mM glucose, or (H) 5 mM
glucose and treated with 200 pM DMF (representative experiments shown with minimum
n=3/group, mean +/— SEM, *p< 0.05, **p<0.001).
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Figure 4: N-acetylcysteine reduces fumarate, protein succination and ROS
(A) Metabolites were extracted from adipocytes matured in 5 or 25 mM glucose, or 25 mM

glucose treated with 5 mM NAC for 3 days. Fumarate levels are significantly increased with
glucotoxicity and return to normal with NAC treatment. Data is hormalized to total protein
content (ug) (n=3/group, mean +/— SEM, *p< 0.05, ***p<0.001 vs. 5 mM glucose, #p<0.01
vs. 30 mM glucose). (B) 30 ug of protein from adipocytes cultured in 5 or 25 mM glucose
and treated with 0, 0.5, 1, 2.5 or 5 mM N-acetylcysteine (NAC) for 8 days was
immunoblotted to detect 2SC levels. (C) (D) Adipocytes were treated with 100 pM dimethyl
fumarate (DMF) for 24 hours, or 5 mM NAC for 8 days. Total glutathione levels were
quantified (n=3/group, mean +/- SEM, *p< 0.05 vs. 5 mM glucose, #p<0.05 vs. 30 mM
glucose). Reactive oxygen species was measured using dichlorofluorescein in adipocytes
matured in 30 mM glucose with or without 1 mM NAC for 8 hours (n=4/group, mean +/-
SEM, **p<0.01). (E) CHOP and HOX1 levels were measured in adipocytes treated with 2.5
or 5 mM NAC for 8 days. Coomassie staining represents equal protein loading. (F)
Schematic summarizing beneficial effect of N-acetylcysteine during glucotoxicity. Elevated
glucose increases fumarate levels resulting in protein succination, reduced glutathione
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(GSH) concentrations, and exacerbates the levels of reactive oxygen species (ROS) that react
with redox-sensitive cysteines on Keapl. Oxidized Keapl is unable unable to form the CSN
supercomplex or to sequester Nrf2, resulting in the accumulation of CHOP and increased
production HOX1. During high glucose stress N-acetylcysteine (NAC) decreases fumarate
concentrations and protein succination and rescues the concentration of GSH in the
adipocyte resulting in decreased ROS levels. In the absence of oxidative stress Keapl is able
to promote CHOP degradation and down regulate HOX1 production by sequestering Nrf2 in
the cytosol.
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Figure 5: Protein oxidation regulates CHOP stability
(A) Fumarate levels were measured by GC-MS/MS following metabolite extraction from

adipocytes matured 30 mM glucose or FHKD adipocytes in 5 mM glucose or (B) FHKD
adipocytes cultured in 5 mM glucose and treated with 0, 2.5, 5 or 10 mM NAC for 3 days.
Fumarate levels are normalized to total protein content of the samples. (C) Levels of 2SC,
CHOP and HOX-1 were measured in control of FHKD adipocytes treated with 5 or 10 mM
N-acetylcysteine (NAC) (D) Dimedone based detection of cysteine sulfenic acids was
performed in lysates from FHKD adipocytes following treatment with NAC. Representative
immunoblots shown, Coomassie indicates protein loading.
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Figure 6: 2SC and CHOP accumulate in the absence of apoptosis
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2SC and CHOP increase in parallel in (A) 3T3-L1 adipocytes, (B) 15 week old heterozygote
control or db/db epididymal adipose tissue or (C) control or FHKD adipocytes, without an
increase in the levels of cleaved caspase 3. Equal protein loading was confirmed by
Coomassie. (D) Triplicate DAPI staining of nuclear content 5 mM or 30 mM glucose
adipocytes matured for 8 days confirms no significant cell loss or evidence of apoptosis.
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Figure 7: Accumulation of nuclear CHOP is associated with impaired I1L-13 secretion by
adipocytes
(A) The nuclear fraction from adipocytes cultured in 5 or 25 mM glucose demonstrates

elevated nuclear CHOP levels during glucotoxicity. (B) Serum free conditioned medium was
collected from adipocytes matured in normal or high glucose +/- 5 mM NAC and IL-13
levels were quantified (n=3/group, mean +/- SEM, *p< 0.05). (C) Confirmation of elevated
CHORP protein levels in adipose tissue of 15 week old db/db (n=3 representative), in which
IL-13 was quantified in (D) adipose tissue, p=0.004** and (E) serum, n=5 controls, n=6

db/db mice per group for the 1L-13 quantification, normalized to protein levels.
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