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Cysteine thiol oxidation on SIRT2 regulates inflammation
in obese mice with sepsis
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Abstract— Obesity increases morbidity and mortality in acute illnesses such as sepsis and
septic shock. We showed previously that the early/hyper-inflammatory phase of sepsis is
exaggerated in obese mice with sepsis; sirtuin 2 (SIRT2) modulates sepsis inflammation in
obesity. Evidence suggests that obesity with sepsis is associated with increased oxidative
stress. It is unknown whether exaggerated hyper-inflammation of obesity with sepsis mod-
ulates the SIRT2 function in return. We showed recently that SIRT6 oxidation during hyper-
inflammation of sepsis modulates its glycolytic function. This study tested the hypothesis that
increased oxidative stress and direct SIRT2 oxidation exaggerate hyper-inflammation in
obesity with sepsis. Using spleen and liver tissue from mice with diet-induced obesity
(DIO) we studied oxidized vs. total SIRT2 expression during hyper- and hypo-
inflammation of sepsis. To elucidate the mechanism of SIRT2 oxidation (specific modifica-
tions of redox-sensitive cysteines) and its effect on inflammation, we performed site-directed
mutations of redox-sensitive cysteines Cys221 and Cys224 on SIRT2 to serine (C221S and
C224S), transfected HEK293 cells with mutants orWT SIRT2, and studied SIRT2 enzymatic
activity and NFĸBp65 deacetylation. Finally, we studied the effect of SIRT2 mutation on
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LPS-induced inflammation using RAW 264.7 macrophages. In an inverse relationship, total
SIRT2 decreased while oxidized SIRT2 expression increased during hyper-inflammation and
SIRT2 was unable to deacetylate NFĸBp65 with increased oxidative stress of obesity with
sepsis. Mechanistically, both the mutants (C221S and C224S) show decreased (1) SIRT2
enzymatic activity, (2) deacetylation of NFĸBp65, and (3) anti-inflammatory activity in
response to LPS vs. WT SIRT2. Direct oxidation modulates SIRT2 function during hyper-
inflammatory phase of obesity with sepsis via redox sensitive cysteines.

KEYWORDS: obesity; sepsis; septic shock; hyper-inflammation; oxidative stress.

INTRODUCTION

Sepsis and septic shock are the leading causes of
death in non-coronary intensive care units with increasing
incidence worldwide. With over 100 clinical trials failed to
decrease sepsis-related mortality [1], currently there are no
specific therapies to treat sepsis. Sepsis and septic shock
are the most expensive conditions in the USA with over
$23 billion in healthcare expenditure in 2013 [2]. Sepsis
inflammation transitions its phenotype from early/hyper-
inflammatory to a late/hypo-inflammatory phase [3, 4].
Previously, we reported hyper-inflammatory and hypo-
inflammatory phases in mice [5, 6].

Obesity not only increases incidence of chronic con-
ditions such as hypertension, dyslipidemia, type 2 diabetes
mellitus, cancer, and cognitive dysfunction in elderly, but
also increases morbidity and resource utilization in criti-
cally ill patients including sepsis [7–9]. Obese individuals
are prone to sepsis compared to lean counterparts [10].
Impact of obesity on sepsis-related mortality remains con-
troversial; however, literature strongly supports the notion
that obesity increases morbidity, ICU and hospital length of
stay, and in turn the cost of care in critically ill patients
including sepsis [11–15]. Using a mouse model of obesity
with sepsis, we found that obesity exaggerates the hyper-
inflammatory and prolongs hypo-inflammatory phase of
sepsis via modulation of cytokines/adipokines [6, 16–20].

Sirtuins play a critical role in transition of sepsis
phenotype from hyper- to hypo-inflammation [5, 21–23].
Sirtuins, a highly conserved family of proteins, are critical-
ly important in the metabolic and immune response of cells
[24–26]. The seven mammalian sirtuins (SIRT1–7) are
dispersed among different cell compartments and in some
cases move from one compartment to another. SIRTs 1, 6,
and 7 are primarily nuclear; SIRTs 3, 4, and 5 are mito-
chondrial and SIRT2 is best known for its cytosolic loca-
tion [27]. However, SIRT2 translocates to the nucleus and
controls epigenetic programming of inflammation and me-
tabolism [28, 29].

Obesity is a sirtuin-deficient state; sirtuin deficiency is
implicated in chronic inflammation with obesity [30, 31].
Although associated with overall sirtuin deficiency, SIRT2
is the most abundant of sirtuins present in obese adipose
tissue [32]. We have reported that SIRT2 modulates mi-
crovascular inflammation in obese micewith sepsis; SIRT2
directly deacetylates and deactivates NFkB p65 [6]. We
have also reported that mice with SIRT2 deficiency show
exaggerated while those with SIRT2 over-expression show
attenuated hyper-inflammatory phase of sepsis [33]. Thus,
together, these data indicate that SIRT2 modulates sepsis-
related inflammatory response. It is unclear however,
whether sepsis itself modulates SIRT2 function in return.
This project’s goal was to study how sepsis-inflammation
regulates SIRT2 function.

Reactive oxygen species (ROS) or nitrogen-derived
species (RNS) generation during hyper-inflammation of
sepsis injures DNA and proteins [34], particularly in the
mitochondria. It is less well understood whether and how
ROS andRNS speciesmight control inflammation program-
ming by contributing to signal transduction of inflammatory
pathways rather than disrupting cell structure and function.
For example, H2O2 clearly directs cell signaling in many
pathways and phenotypes of human physiology, including
inflammation [35]. Literature suggests that ROS regulate the
deacetylase activity of SIRT1 in vitro [36]. All members of
the sirtuin family contain a highly conserved Zinc region
surrounded by a cysteine CXXC motif [37]. Recent reports
indicate oxygen- or nitrogen-derived species (e.g., nitrosa-
tion) regulate SIRT1 deacetylase activity by repositioning of
the tetra thiolate subdomain away from the rest of the
catalytic domain thereby directly disrupting the NAD+ and
acetyl-lysine-binding sites [38]. Direct oxidation of sirtuins
is also implicated in regulating SIRT1 and SIRT6 enzymatic
and metabolic activity in vitro; whether direct oxidation of
sirtuins affects their ability to modulate inflammation and
immunity remains unknown [36, 39, 40]. Moreover, the
functional consequences of direct oxidation of SIRT2 are
unknown as well.
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Obesity with sepsis increases oxidative stress during
hyper-inflammation [41]. Moreover, obesity increases ox-
idant stress of immune cells in its basal state [42]. Here, we
hypothesized that the cysteine-coordinated Zn2+ cofactor
in SIRT2 regulates its deacetylase function, especially in
acute (sepsis) on chronic (obesity) inflammation in obesity
with sepsis. We find that during hyper-inflammation of
sepsis, there is an inverse relationship between total SIRT2
and oxidized SIRT2 expressions in vivo in mouse model of
obesity with sepsis. We also show that specific redox-
sensitive cysteines located near the Zn2+ cofactor in
SIRT2 play a critical role in regulating expression of the
key inflammatory and immunemediators.Mechanistically,
mutation of redox-sensitive cysteines, Cys221 or Cys224
decreases SIRT2’s enzymatic activity and its ability to
deacetylate NFkB p65, which amplifies expression of the
key pro-inflammatory mediators TNF-α, IL-6, and IL1-β.
Thus, direct oxidation of SIRT2 cysteine thiols contributes
to the exaggerated hyper-inflammatory phase of obesity
with sepsis.

MATERIALS AND METHODS

Animals

All the experiments were in accordance with NIH
guidelines and approved by IACUC atWake Forest School
of Medicine. The C57Bl/6 J (WT) (6–8 weeks of age)
mice, diet-induced obesity (DIO) mice, mice on control
diet (CTRL mice); DIO and CTRL mice 13–15 weeks of
age were purchased from Jackson laboratories. DIO mouse
model is created by feeding C57BL/6 mice with high-fat
diet (D12492, Research Diets Inc., 60%: the diet-induced
obesity diet: DIO); corresponding age matched control
mice were fed with low-fat diet (D12450B, Research Diets
Inc., 10%: Control diet: CTRL) or for 7–9 weeks. DIO/
CTRL diet feeding was initiated at 6 weeks of age.

Cecal Ligation and Puncture

Cecal ligation and puncture (CLP) procedure was
performed as described before [5]. Briefly, mice were
anesthetized using isoflurane (2–3 l/min isoflurane and
O2 mixture). Anterior abdominal wall and peritoneal inci-
sion (1.5 cm in length) were made, cecum was isolated,
ligated (1 cm of cecum), and punctured two times with 22
gauge needle twice (CLP 22.2 model), and contents were
returned into the abdomen. Abdomen was closed in two
layers (peritoneum and skin) and mice were allowed to

wake up. Rigorousmonitoring ofmice for pain and distress
was completed as described previously. Mice were hu-
manely euthanized at indicated times under isoflurane an-
esthesia; liver and spleen tissue collected and splenocytes
were isolated immediately as described before [6].

In vivo Cysteine Oxidation Assay

We used injection of biotin-1, 3-cyclopentanedione
(BP1), a selective protein sulfenylation probe (gift from our
collaborator Dr. Furdui) to track cysteine oxidation in vivo
in obese mice with sepsis [39, 43]. Three groups of mice
were used to perform this assay (n = 3/group), control,
hyper-inflammation (6 h CLP), and hypo-inflammation
(24 h CLP). Mice were anesthetized and cannulated via
carotid artery and jugular vein followed by intravenous
injection of BP1 (25 mg/kg body weight). BP1 was
allowed to circulate for 30 min before initiation of isovo-
lemic blood exchange as described in literature [18, 44].
Liver tissue was obtained post-blood exchange and pre-
served in OTC medium for frozen section as described
previously [6, 33].

Immunohistochemistry

Liver tissue was collected from DIO mice without
CLP (control) or during hyper- and hypo-inflammatory
phases of sepsis and stored in OTC medium for frozen
section and immunohistochemistry for SIRT2 expression
was performed as described before [6]. Briefly, liver tissue
was harvested fixed frozen sections of tissue were stained
using SIRT-2 antibody (Santa Cruz Biotechnology, Inc.
Santa Cruz, CA, USA), Cy™3-conjugated labeled second-
ary antibody for SIRT-2 was purchased from Jackson
Immuno Research Laboratories, Inc. (West Grove, PA,
USA). Virtual images were captured as described previ-
ously [45]. Representative image was shown in Fig. 1A.
Image analysis of IHC in three mice in each group was
performed using Image J software and shown in Fig. 1B.
To image BP1-labeled protein sulfenylation in tissue from
BP1-injected mouse, we used streptavidin-AF594 (Molec-
ular Probes S11227 2 mg/ml 1:100) antibody (since the
probe is already biotinylated) and DAPI.

Cell Lines Used

RAW264.7 (ATCC® TIB-71™: RAW) and HEK 293
(ATCC® CRL-1573™: HEK) cells were obtained from
ATCC. Cells were cultured in DMEM containing 10%
heat-inactivated FBS, 100 units/ml penicillin, and
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100 mg/ml streptomycin at 37 °C and 5% CO2. Early
passage (2–10) cultures were used in all experiments.

Mouse Tissue and Splenocyte Oxidation

To evaluate the expression of oxidized SIRT2 during
hyper- and hypo-inflammatory response of sepsis, we used
whole spleen and liver tissue as well as splenocytes from
diet-induced obese (DIO) mice with sepsis. Splenocytes
(n = 6 × 106) were isolated at indicated time points after

CLP and lysed in 600 μL lysis buffer (25 mM HEPES,
100 mM NaCl, 1% NP-40, 0.1% SDS, 1 mM EDTA,
100 mM N-Ethyl Maleimide NEM) with shaking for
25 min at 50 °C. Lysates were spun down to remove
insoluble material. Supernatant was collected and passed
through a Zeba column (Thermo Scientific) to remove
unbound NEM. Freshly prepared 60 μL of 500 mM DTT
solution was added to each sample and samples were
incubated for 20 min at room temperature. Samples were
passed through a Zeba column to remove excess DTT. An

Fig. 1. Total SIRT2 expression in the liver tissue is decreased during hyper-inflammatory and increased during hypo-inflammatory phase of obese with
sepsis: We studied the SIRT2 expression in the liver tissue of diet-induced obesity mice with sepsis using immunohistochemistry. The representative images
are shown in (a) while quantitative assessment of image analysis from three different mice is shown in (b). SIRT2 expression significantly decreased during
the hyper-inflammatory phase (6 h CLP) of sepsis and increased significantly during the hypo-inflammatory phase (24 h post-CLP) of sepsis compared to
control (without sepsis) in DIO mice (*p < 0.05 vs. control; #p < 0.05 vs. hyper-inflammation).
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aliquot of 40μLwas removed from sample and saved as an
input control. Biotin-conjugated maleimide (Thermo Sci-
entific) was added to remaining sample at a final concen-
tration of 2 mM and samples were labeled for 2 h in the
dark. Samples were then passed through a Zeba column to
remove unbound maleimide. Labeled samples were incu-
bated overnight with magnetic streptavidin beads at 4 °C.
Beads were collected and were washed extensively.
Washed beads were boiled for 5 min in reducing sample
buffer and then boiled samples were loaded onto a gel
along with unlabeled samples as an input control. Gels
were blotted with anti-SIRT2 (Santa Cruz). Tissue was
incubated for 10 min in 100 mM NEM to block free thiols
and then snap frozen. Tissue was thawed on ice and ho-
mogenized in 1% SDS supplemented with 10 mM NEM
and protease inhibitors. Homogenized tissue was incubated
with shaking at 50 °C for 25 min. Lysed tissues were
sonicated and then passed through a Zeba column to re-
move unbound NEM. Protein concentration was deter-
mined on lysates and equal amounts of protein from each
lysate were then labeled with biotin-conjugated maleimide
as above. Two different methods were utilized to detect
SIRT2 oxidation in the whole tissue. Some samples were
then incubated overnight with streptavidin magnetic beads
and immunoblotted with anti-SIRT2 antibody and other
samples were immunoprecipitated overnight with anti-
SIRT2 antibody followed by immunoblotting with anti-
biotin antibody.

Western Blot

Western blot experiments were performed as de-
scribed previously [46]. Cells were treated as above and
lysed in a modified RIPA buffer (Cell Signaling Technol-
ogy, Cat# 9806). To check SIRT2 protein expression level,
protein lysate was resolved by SDS-PAGE. The membrane
was incubated with primary antibody overnight in cold
room and subsequently with Alexa Fluor® 680-IgG Frac-
tion Monoclonal Mouse Anti-Rabbit IgG (Jackson Immu-
noResearch Lab, Cat# 211–622-171) or Alexa Fluor®
680-AffiniPure Goat Anti-Mouse IgG (Jackson ImmunoR-
esearch Lab, Cat# 115–625-174). The images were devel-
oped with an Odyssey Infrared Imager System (Li-COR
Biosciences). Bands signal was quantified with software
Odyssey V3.0. The plot was completed with GrapPad
Prism 6. SIRT2 antibody was from Santa Cruz Biotech-
nology, Cat# sc-20966. Acetylated p65 antibody was from
Cell Signaling Technology, Cat# 3045S. GAPDH antibody
was from OriGene, Cat# TA802519. Flag antibody was

from Sigma, Cat# F1804. Licor Odyssey software was
used to quantitate WB blots where indicated.

SIRT2 Oxidation Effects on NFĸB p65 Acetylation

We reported previously, that SIRT2 deacetylates
NFĸB p65 [6]. Here, we studied the effect of a prooxidant
environment on deacetylation function of NFĸB p65. We
used HEK 293 cells due to the fact that this cell line is
known to have a high-transfection efficiency. In our hands,
the transfection efficiency was nearly 100% with single as
well as multiple plasmid transfections. HEK293 cells were
co-transfected with plasmid NFĸB p65, pCBP, and
pSIRT2-Flag. Luperox® TBH70X, tert-Butyl hydroperox-
ide solution (Sigma, Cat# 458139, and final 10uM) was
applied to cell culture for 12 h after 36 h of transfection.
Total NFĸB p65 and ac-NFĸB p65 were blotted, and the
ratio of ac-NFĸB p65/total NFĸB p65 signal was plotted.
pcDNA3β-FLAG-CBP-HAwas a gift from Tso-Pang Yao
(Addgene plasmid # 32908) [47], pCMV4 NFĸB p65 was
a gift from Warner Greene (Addgene plasmid # 21966)
[48]. Wild-type plasmid SIRT2 Flag was a gift from Eric
Verdin (Addgene plasmid # 13813) [49].

Cysteine Mutation of SIRT2

To study the effect of redox-sensitive cysteines,
Cys221 and Cys224, we mutated those two cysteines for
further mechanistic studies.

The following primers were used to create point
mutations.

S2F: 5’-ACCGAGCTCGGATCCGAATTCTATGG
CAGAGCAGACCG-3’

S2R: 5’-CGGGTTTAAACGGGCCCTCTAGATTA
CTTGTCATCGTC-3’

C221S-F: 5’-GGTGACGCCCAAGAGTGAAG
ACTGTCAGAG-3’

C221S-R: 5’-CTCTGACAGTCTTCACTCTT
GGGCGTCACC-3’

C224S-F: 5’-CCCAAGTGTGAAGACAGTCA
GAGCCTGGTGAAG-3’

C224S-R: 5’-CTTCACCAGGCTCTGACTGT
CTTCACACTTGGG-3’

All primers were purchased from Invitrogen. To de-
velop point mutant plasmid pSIRT2 C221S (Cys 221
replaced with Ser), primers S2F/C221S-R and C221S-F/
S2R were used to introduce point mutant in the PCR
amplification of two fragments from wild-type plasmid
SIRT2-Flag, followed by gel purification of PCR products,
and then a second run PCR was completed using primers
S2F/S2R to amplify the full-length of mutant SIRT2
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coding sequence taking the gel-purified PCR products as
template. The final PCR products were digested with
BamHI/XbaI and ligated into pcDNA3.1+ vector which is
restricted with BamHI/EcoRI/XbaI, producing mutant
plasmid pSIRT2 C221S (SIRT2 C221S). The mutant plas-
mid pSIRT2 C224S (SIRT2 C224S) was completed with
the same method, but using primers C224S-F and C224-R.
Flag tag was kept in both mutant plasmids. All plasmids
were verified by sequencing.

SIRT2 Enzymatic Activity Assay

To explore the effects of point mutation on SIRT2
deacetylation activity, plasmid pcDNA3.1 (as control;
denoted as Bempty vector^), wild-type SIRT2-Flag, and
mutant plasmids SIRT2 C221S and SIRT2 C224S were
transfected into HEK293 cells. After 48 h, total protein
lysate was collected in IP Lysis Buffer (50 mM Tris-HCl
pH 7.4, 150 mM NaCl, 1% Triton X-100%), followed by
protein concentration quantification and adjustment. Pro-
tein lysate (1.4 mg) was mixed with anti-FLAG M2 Mag-
net beads (Sigma, Cat#M8823) and incubated overnight at
4 °C. The beads were washed with IP-washing buffer
(50 mMTris-HCl pH 7.4, 150 mMNaCl) and then washed
with SIRT-activity buffer. The beads-binding SIRT2 activ-
ity was performed by incubating with SIRT-activity buffer,
fluoro-substrate peptide, NAD, and developer at 37 °C
with vigorous agitation (800 rpm) for 2 h in a shaker
following the protocol of SIRT2-activity kit (Abcam,
Cat# ab156066). The supernatant was transferred into 96-
well black plate to read fluorescence on a fluorometric
plate reader (ex485/em528). The activity was corrected
for respective SIRT2 (WT and mutant) protein expression.

SIRT2 Mutation Effects on NFĸBp65 Acetylation

HEK293 cells were co-transfected with CBP and
NFĸBp65 plasmids, together with WT SIRT2 plasmid or
C221S or C224S mutant plasmids, respectively. Total cell
lysate was collected to blot with anti-acetylated NFĸBp65
and anti-flag as described above. The acetylation activity
of WT SIRT2 or cysteine mutants SIRT2 C221S and
SIRT2 C224S was monitored by AC- NFĸB p65 which
is corrected with anti-flag signal. The fold change fromWT
SIRT2 is presented.

SIRT2MutationEffects onLPS-Induced Inflammation

To assess the effect of cysteine mutations (C221S and
C224S) on LPS-induced inflammation. We used RAW
264.7 macrophage cell line to study the effect of SIRT2

mutation on inflammatory response to LPS. While the
transfection efficiency of RAW cells was good enough
for single plasmid, in our hands, the co-transfection effi-
ciency was not good. So we used RAW cells for single
plasmid transfection only. Plasmid WT SIRT2, mutant
plasmid SIRT2 C221S, and SIRT2 C224Swere transfected
into RAW264.7 cells, respectively. Cells were treated with
normal saline (control) or LPS (final concentration of
100 ng/mL) for 4 h after the transfection of 48 h. Total
protein lysate was collected for western blotting with
SIRT2 antibody. Total RNA was extracted (as described
below) to determine the mRNA levels of inflammation
cytokines. The final cytokine levels were corrected for
respective anti-flag (WT SIRT2 or mutant SIRT2) signal.

RNA Extraction and RT-PCR

RNA extraction and RT-PCR were completed as de-
scribed previously and modified [30]. Total RNA was
isolated following the protocol of Tri-Reagent manufac-
ture. The mRNA expression was detected by quantitative
real time PCR with Luna® Universal Probe One-Step RT-
qPCR kit (NEB, E3006L). GAPDH gene expression was
used to correct the target gene expression data. Relative
quantification was calculated using the ΔΔ comparative
threshold formula. All samples were run in quadruplicates
to calculate average and SE value. TaqMan primer/probes
were purchased from Invitrogen (Grand Island, NY).
Mouse TNF-α, Mm00443258_m1; mouse IL1β,
Mm00434228_m1; mouse GAPDH, Mm99999915_g1.

Statistical Methods

All data were analyzed using Graph Pad Prism 6.0
(Graph Pad Software, La Jolla, CA, USA); data presented
mean ± SEM. Analyses with more than two groups were
analyzed using one-way ANOVA or two-way ANOVA
with Tukey’s post hoc comparisons as appropriate. A p
value of < 0.05 was designated as significant.

RESULTS

Total SIRT2 Expression in the Liver Tissue Decreases
during Hyper-Inflammatory and Increases during
Hypo-Inflammatory Phase of Obesity with Sepsis

We have reported previously that ob/ob mice showed
increased SIRT2 expression during hypo-inflammatory
phase of sepsis [6]. Here, we studied the SIRT2 expression
in the liver tissue of DIO mice with sepsis (CLP) using
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immunohistochemistry. As shown in the representative
IHC image in Fig. 1a and IHC image quantification from
three different groups (n = 3 each group) (Fig. 1b), we
observed that the SIRT2 protein expression decreased sig-
nificantly during the hyper-inflammatory phase (6 h post-
CLP) of sepsis, while it increased significantly during the
hypo-inflammatory phase (24 h post-CLP) of sepsis com-
pared to control (without sepsis) in DIO mice.

Oxidized SIRT2 Expression During Hyper-
Inflammatory Phase of Sepsis in Liver Tissue of Obese
Mice with Sepsis

Obesity with sepsis is associated with significantly
increased oxidative stress [41]. Next, we tracked the ex-
pression of oxidized proteins in liver tissue. We used our
novel BP1 probe developed by Dr. Furdui. As shown in
Fig. 2a, b (fluorescent image quantification from three
different samples) protein cysteine thiol oxidation in liver
tissue increases during the hyper-inflammatory phase vs.
control; in contrast, cysteine thiol oxidation decreased sig-
nificantly during the hypo-inflammatory phase. Next, we
assessed oxidized SIRT2 expression in liver tissue from
control, hyper-inflammatory, and hypo-inflammatory
phase of sepsis using biotin switch assay. A representative
image from Fig. 2c and western blot image quantification
from three different tissue samples (Fig. 2d) show that
similar to total protein oxidation (Figs. 2a, b), SIRT2
oxidation in liver tissue increased significantly during
hyper-inflammation vs. control and that during hypo-
inflammation decreased significantly vs. hyper-
inflammatory phase (down to baseline control level) of
obese mice with sepsis.

Oxidized SIRT2 Expression Increased during the
Hyper-Inflammatory Phase in Immune Cells in Obese
Mice with Sepsis

To study the effect of oxidative stress during obesity
with sepsis on direct SIRT2 oxidation in immune cells, we
isolated splenocytes and whole spleen tissue from obese
mice during hyper- (6 h post-CLP) and hypo-inflammatory
(24 h post-CLP) phases of sepsis. Using biotin switch
assay, we studied oxidized SIRT2 expression. We used
two different strategies to study SIRT2 oxidation. In
Fig. 2e, we immunoprecipitated for biotin and probed for
SIRT2 protein expression. Due to the inability to detect
sufficient SIRT2 protein in the pre-enrichment lysate, we
immunoprecipitated for SIRT2 and then probed for biotin
using anti-biotin antibody (Fig. 2f). As shown in represen-
tative images from three separate sets of experiments in

Fig. 2e, f we observed similar pattern in both the cases;
oxidized SIRT2 expression increased during hyper-
inflammatory and decreased during the hypo-
inflammatory phase of sepsis while total SIRT2 expression
increased and was detectable only during hypo-
inflammation (Fig. 2e). This pattern simulated to that seen
in the liver tissue. Interestingly, the basal level of SIRT2
oxidation in obese mice without sepsis was higher than that
in WT mice (Fig. 2g).The data support that SIRT2 oxida-
tion is increased in basal obese phenotype which further
increases during the hyper-inflammatory phase of sepsis.
Together, data presented in Figs. 1 and 2 indicate an inverse
relationship between total and oxidized SIRT2 expression
in mouse model of obesity and sepsis; decreased total
SIRT2 protein expression with increased cysteine thiol
SIRT2 oxidation during the hyper-inflammatory phase of
sepsis. This is then followed by decreased SIRT2 oxidation
during hypo-inflammation.

Oxidative Stress Decreases SIRT2 Function

In order to further elucidate the effect of oxidized
SIRT2 protein on sepsis inflammation, we first studied
whether the prooxidant environment influences deacetyla-
tion function of SIRT2. We showed previously, that the
SIRT2 directly deacetylates and deactivates NFkB p65 [6].
Here, we studied the effect of pro-oxidant environment on
SIRT2 deacetylation function by assessing acetylated
NFkB p65 expression. We co-transfected HEK 293 cells
with NFkB p65 and p300 (to increase baseline acetylation)
with SIRT2 plasmids and treated with and without tert-
butyl hydroperoxide (TBH) to induce oxidative stress.
Total protein expression was studied using western blot
for NFkB p65 acetylation (AC-NFkB p65 expression). As
shown in Fig. 3, acetylated NFkB p65 (AC-NFkB p65)
expression was higher in TBH-treated cells than that in
control (normal saline treated) cells; indicating that under
oxidative stress conditions, SIRT2 is less efficient in deace-
tylating NFkB p65.

Redox-Sensitive Cysteine Thiols Control SIRT2
Function

Next, we studied the mechanism of how oxidation on
cysteine thiols could directly affect SIRT2. Four cysteines
flank an evolutionarily conserved Zinc tetra thiolate motif
which locate near the NAD+ binding site in all SIRT family
members [36, 50]. Cysteine sites are already implicated in
the tetra-thiolate zinc-binding motif of SIRT1 [36] and
SIRT6 [39]. To answer the question of whether oxidative
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stress decreased SIRT2 deacetylation function through the
modifications of four redox-sensitive cysteines of SIRT2
protein we mutated two of the four cysteines which are
conserved in the tetra-thiolate zinc-binding domain of
SIRT2, namely Cys221 and Cys224, to serine to develop
plasmids SIRT2 C221S and SIRT2 C224S respectively.
We, then transfected HEK 293 cells with pcDNA3 control
(empty vector), normal/wild-type SIRT2 (WT SIRT2),
C221S SIRT2, and C224S SIRT2 plasmids and studied
enzymatic activity of SIRT2. We observed that, as
expected, there was significantly increased SIRT2 activity
with WT SIRT2 transfection vs. empty vector control
(Fig. 4a) group. Cells transfected with both the mutants,
namely SIRT2 C221S and SIRT2 C224S, showed

significantly lower SIRT2 enzymatic activity compared
with WT SIRT2. This data indicates that C221S and
C224S mutations may be responsible for the modulation
of SIRT2 activity.

To further define SIRT2 deacetylation-function in
C221S or C224S mutants, we transfected HEK 293 cells
with WTSIRT2, SIRT2C221S, or SIRT2C224S plas-
mids along with CBP and NFkB p65, and assessed
acetylated NFĸBp65 (AC-NFĸBp65) expression. As
shown in Fig. 4b, both SIRT2 C221S and SIRT2
C224S transfected cells showed significantly higher ex-
pression of acetylated NFĸBp65 vs. WT SIRT2. These
data suggested that both mutations decreased SIRT2
deacetylation function.

Fig. 2. Oxidized total protein and SIRT2 expression in liver and spleen during hyper- and hypo-inflammatory phase in obese with sepsis:We tracked cysteine
oxidation using a selective protein sulfenylation probe (BP1) in vivo in three groups of mice under control, hyper-inflammatory, and hypo-inflammatory
phases of sepsis. The BP1 expression was probed using immunohistochemistry in the liver tissue. The representative images (a) and image quantification
from three different samples (b) shows that the oxidized protein expression in the liver tissue increased significantly during hyper-inflammatory phase vs.
control and it decreased significantly during hypo-inflammatory phase vs. hyper-inflammation. In separate groups of mice, we used biotin switch assay to
study oxidized vs. total SIRT2 expression in liver tissue using western blot. Representative blots (c) and image quantification from three samples per group (d)
shows that similar to total protein oxidation, oxidized SIRT2 expression increased significantly during hyper-inflammation vs. control; oxidized SIRT2
expression during hypo-inflammation decreased significantly during hypo-inflammatory phase vs. hyper-inflammation. (* p < 0.05 vs. control; # p < 0.05 vs.
hyper-inflammation). Biotin switch assay of isolated splenocytes DIO mice revealed that oxidized SIRT2 expression increased during the hyper-
inflammatory phase while it decreased during the hypo-inflammatory phase of sepsis while total SIRT2 expression was detectable only during the hypo-
inflammatory phase (e). Biotin switch assay of spleen tissue with immunoprecipitation for SIRT2 followed by western blot assay for biotin (oxidized protein)
revealed that similar to splenocytes (e), there was increased oxidized SIRT2 expression during hyper-inflammation and decreased oxidized SIRT2 expression
during hypo-inflammatory phase of sepsis (f). Increased expression of oxidized SIRT2 was observed at baseline in DIO mice vs.WT (lean C57Bl/6) mice.
Please note that the basal total SIRT2 expression in the splenocytes DIO mice was also low in the DIO vs. WT (g).
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Cysteine Mutation Affects Biological Function of
SIRT2

To further assess whether cysteine mutation of SIRT2
impact the immune response, we transfected RAW macro-
phage cells with WT SIRT2, SIRT2 C221S, and SIRT2
C224S plasmids, and stimulated with LPS to determine
TNF-α, IL-1β, IL-6, and IL-10 mRNA expression during
hyper-inflammation 4 h post-LPS. Figure 5 a–c show

significantly higher TNF-α, IL-1β, and IL-6 mRNA ex-
pression in response to LPS in cells with SIRT2 C221S and
SIRT2 C224S mutants vs. WT SIRT2-transfected cells.
Interestingly, we also show increased IL-10 mRNA levels
in the mutant-transfected groups compared to WT SIRT2
in response to LPS. These data together suggests that
cysteine thiol oxidation of SIRT2 contributes to the exag-
gerated hyper-inflammatory response during obesity with
sepsis.

DISCUSSION

The main objective of this project was to study the
effect of increased oxidative stress on SIRT2 expression
and activity during exaggerated hyper-inflammation of
obesity with sepsis [19, 41]. We have reported previously,
that obesity exaggerates the hyper-inflammatory phase of
sepsis and prolongs the hypo-inflammatory phase of sepsis
and SIRT2 plays a critical role in doing so [19]. Here, we
aimed to study how obesity with sepsis modulates SIRT2
during the exaggerated hyper-inflammation. Specific fea-
tures of the current project that expand the concept that
SIRT2 regulates inflammation during obesity include the
following: (1) there is an inverse relationship between total
and oxidized SIRT2 expression; decreased total SIRT2 and
increased oxidized SIRT2 expression during hyper-
inflammatory phase of obesity with sepsis. (2) SIRT2

Fig. 3. Oxidation decreases SIRT2 deacetylation function: HEK cells w-
ere transfected with SIRT2 + p65 + p300 plasmids to increase p65 acety-
lation and treated with and without TBH to study acetylated NFĸBp65 (-
AC-NFĸBp65) expression. AC-NFĸBp65 expression significantly in-
creased in TBH treated vs. untreated (control) cells (* p < 0.05 vs. control).

Fig. 4. Cysteines Cys221 and Cys224 mutation affects SIRT2 function: Cysteines Cys221 and Cys224 mutation affects SIRT2-enzymatic function: HEK
cells were transfected with control (pcDNA: empty vector), WT SIRT2 (without mutation), SIRT2 C221S and SIRT2 C224S plasmids, and SIRT2 function
studied using enzymatic assay. WT SIRT2-transfected cells showed significantly increased SIRT2 function vs. empty vector. SIRT2C221S and SIRT2C224S
transfected cells showed significantly decreased SIRT2 function vs.WTSIRT2. (* p < 0.05 vs. empty vector; # p < 0.05 vs.WTSIRT2) (a). Cysteines Cys221
and Cys224 mutation affects SIRT2-deacetylation function: HEK cells were transfected with WTSIRT2, SIRT2C221S, and SIRT2C224S along with
NFĸBp65 and p300 plasmids and acetylated NFkB p65 expression was examined. SIRT2C221S- and SIRT2 C224S-transfected groups showed significantly
increased acetylated NFĸBp65 (AC-NFĸBp65) expression (decreased deacetylation) vs. WTSIRT2 (*p < 0.05 vs.WTSIRT2) (b).
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deacetylation function is decreased (increased fraction of
acetylated NFkBp65) with oxidative stress (3) site-directed
mutation of two redox-sensitive cysteine sites (creating
Boxidation-mimics^ of SIRT2) in the tetra-thiolate zinc-
binding domain in SIRT2, Cys221, and Cys224, signifi-
cantly decrease SIRT2 enzymatic activity, and (4) Cys221
and Cys224 mutations significantly alter the biological
activity of SIRT2 and modulate cytokine expression.

Sepsis and septic shock are the leading causes of death
in non-coronary intensive care units worldwide [51]. Liter-
ature indicates that sepsis phenotype transitions from early
hyper-inflammation to a late hypo-inflammatory phase [3,
52]. We have tracked these phases using Bendotoxin toler-
ance^ used extensively to study late/hypo-inflammation in
cell model of sepsis. Specifically, we used cecal ligation and
puncture to induce sepsis. Subsequently, we challenged
these sepsis mice with lipopolysaccharide (LPS, endotoxin)
as a Bsecond hit^ at different time points after CLP.We, then
studied microvascular inflammation using leukocyte

adhesion to map response to endotoxin vs. normal saline
stimulation (after CLP) at every time point. Leukocyte ad-
hesion in the microcirculation was studied as a microvascu-
lar inflammatory marker since it is the rate-determining step
in the inflammatory response [53]. We showed that the lean
mice undergo three distinct phases. The hyper-inflammatory
phase when there is a significant increase in leukocyte
adhesion in response to second-hit LPS, a hypo-
inflammatory phase when leukocyte adhesion in response
to LPS is blunted vs. normal saline stimulation (endotoxin
tolerance). Mice surviving for 72 h post-CLP showed that
there was return of LPS response vs. normal saline stimula-
tion indicating resolution phase [5]. Mechanistically, we
showed that SIRTs 1, 3, and 6 are critical in modulating
the phase switch from hyper- to hypo-inflammation in lean
mice [21–23, 54].

Interestingly, using the same assay in obese mice with
sepsis, we reported that the mice undergo exaggerated
hyper-inflammatory and prolonged hypo-inflammatory

Fig. 5. Cysteines Cys221 and Cys224 mutations affect LPS-induced inflammation: RAW 264.7 (RAW) cells were transfected with WTSIRT2,
SIRT2C221S, and SIRT2C224S and stimulated with and without LPS for 4 h. LPS treatment significantly increased TNF-α (a), IL-1β (b), IL-6 (c), and
IL-10 (d) mRNA expression vs. control in all three groups (WT, SIRT2C221S, and SIRT2C224S). Also, there was significantly higher TNF-α, IL-1β, IL-6,
and IL-10 mRNA expression in C221S and C224S transfected cells vs. WT SIRT2. (*p < 0.05 vs. control; #p < 0.05 vs. WT SIRT2).
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phases with significant decrease in survival compared to
lean mice [6, 19, 20, 44, 55]. Furthermore, we showed that
the SIRT2 deficiency exaggerates while sustained increase
in SIRT2 expression decreases sepsis hyper-inflammation
[6, 33]. In the current project, we used the same model of
obesity with sepsis (CLP) with established time points for
hyper- and hypo-inflammatory phases to study total vs.
oxidized SIRT2 expression in tissue from obese with sepsis
mice. Furthermore, to elucidate the mechanism of oxida-
tion of SIRT2 (i.e., specific redox-sensitive cysteine sites
for oxidation), we studied the effect of mutations of two of
the four redox-sensitive cysteines on enzymatic and bio-
logical function of SIRT2.

Sirtuins depend on NAD+ to control their expression
and function [56]. A major function of SIRTs is to control
cell-stress responses by using both epigenetic and post-
translational mechanisms. Mechanisms of how NAD+
generation and availability control the deacetylase func-
tions of SIRTs is well understood [57]. Deacetylase activ-
ities of SIRTs are linked to a broad range of physiologic
and pathophysiologic phenotypes. Among these are: cell
development and differentiation, acute and chronic inflam-
mation, obesity with inflammation, diabetes, atherosclero-
sis, Alzheimer’s disease, and the aging process, even with-
out its comorbidities [6, 33, 54, 57]. Our laboratory de-
scribed how nuclear SIRTs 1, 2, and 6 and mitochondrial
SIRT3 contribute to extreme and often lethal states of acute
systemic inflammation as seen in sepsis [26, 54]. Impor-
tantly, inhibition of SIRT1 in lean mice and SIRT2, but not
SIRT1 in obese mice reversed the hypo-inflammatory
phase of sepsis [5, 6]. The molecular processes that inform
SIRT protein deacetylase enzymatic activity proximal to its
homeostasis protection of cells and organs during homeo-
stasis protection are unknown.

In this work, we identified that direct redox effects on
SIRT2 in the obese phenotype inform the inflammatory
response of sepsis and defined the molecular mechanistic
pathway that uses the conserved zinc cysteine tetra thiolate
motif of SIRT2 as informers of the deacetylase property of
nuclear SIRT2. Specifically, direct and reversible oxidation
of zinc tetrad cysteine thiols controls deacetylase function
of SIRT2 to then control deacetylation/acetylation of
NFkBp65 to support transcription of TNF-α, IL-1β, and
IL-6. This study did not expand to SIRT2 regulation of
other pro-inflammatory mediators, but it seems likely a
pro-inflammatory set of genes with NFkB consensus sites
join TNF-α in initiating inflammation after endotoxin is
sensed by macrophages and regulated by epigenetic chro-
matin modifications. We also studied whether cysteine
mutations affect the anti-inflammatory cytokine [58, 59]

IL-10 mRNA function in response to LPS in our study.
SIRT2 mutants show significantly increased IL-10 mRNA
in response to LPS. Literature indicates that SIRT2 affects
other transcription pathways such as MAP kinase and
CREB as well [60–63]. Evidence suggests that in bacterial
sepsis, IL-10 modulates inflammatory response, which in
turn is regulated by CREB [64]. While we do not under-
stand the exact mechanism at this time, we can only spec-
ulate that the increased IL-10 expression through MAP
kinase/CREB pathway along with the TNF-α, IL-1β, and
IL-6 expression is a part of cytoprotective response to
inflammation. However, the specific mechanisms of
SIRT2 control of IL-10 need to be further elucidated.
Moreover, we have only studied NFκBp65 deacetylation
by SIRT2. The effect of SIRT2 on other transcription
factors needs further elucidation as well.

Site-specific phosphorylation of SIRT2 modulates/
controls its deacetylation function (activation vs. inhibi-
tion) during mitosis [65–68]. This project did not investi-
gate the association between phosphorylation and oxida-
tion which merits further research. It is possible that the
hypo-inflammatory/immunosuppressive phase of sepsis is
associated with reduced SIRT2 state leading to protein
stabilization/reactivation of SIRT2 function. We have not
explored the role of specific reductases that may reactivate
the SIRT2 protein function and this needs further
elucidation.

This is the first time, to our knowledge, that SIRT2
activity and function are shown to be modulated by direct
redox signaling during oxidative stress, similar to SIRT1
and SIRT6. REF-1 regulates enzymatic activity of SIRT1
in vitro. Direct oxidation of SIRT6, especially cysteine
thiol 144, affects glucose metabolism in cells [36, 39,
69]. Here we show that cysteine oxidation not only mod-
ulates the enzymatic activity of SIRT2 but also modulates
hyper-inflammatory response of sepsis. A plausible new
unifying concept is that direct redox control over key
homeostasis guarding sirtuin family with the conserved
cysteine thiol zinc-associated tetrad informs inflammation
reprogramming on redox axis of oxidation and reduction of
cysteine thiol network. A potential extension of this con-
cept is that a cross-talking network of protein associated
and functional cysteine thiols may form a nexus that coor-
dinates to fuel substrate selection to satisfy bioenergy
needs of pro-inflammatory and immune-repressor cell
functions to drive inflammation on its course back to
homeostasis. This model, if true, predicts that failure to
progress along balanced oxidation and reduction leads to a
block in homeostasis retrieval pathways and causes chronic
inflammatory stress responses.
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In summary, this study opens the door to further
examining the role of the redox code that is controlled by
specific cysteine thiols on SIRT2 and other family mem-
bers in a disease-specific context, such as obesity with
sepsis.
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