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Abstract

Aims: The immune system is critical for protection against infections and cancer, but requires scrupulous
regulation to limit self-reactivity and autoimmunity. Our group has utilized a manganese porphyrin catalytic
antioxidant (MnTE-2-PyP5+, MnP) as a potential immunoregulatory therapy for type 1 diabetes. MnP has
previously been shown to modulate diabetogenic immune responses through decreases in proinflammatory
cytokine production from antigen-presenting cells and T cells and to reduce diabetes onset in nonobese diabetic
mice. However, it is unclear whether or not MnP treatment can act beyond the reported inflammatory mediators.
Therefore, the hypothesis that MnP may be affecting the redox-dependent bioenergetics of diabetogenic sple-
nocytes was investigated. Results: MnP treatment enhanced glucose oxidation, reduced fatty acid oxidation, but
only slightly decreased overall oxidative phosphorylation. These alterations occurred because of increased tri-
carboxylic acid cycle aconitase enzyme efficiency and were not due to changes in mitochondrial abundance.
MnP treatment also displayed decreased aerobic glycolysis, which promotes activated immune cell proliferation,
as demonstrated by reduced lactate production and glucose transporter 1 (Glut1) levels and inactivation of key
signaling molecules, such as mammalian target of rapamycin, c-myc, and glucose-6-phosphate dehydrogenase.
Innovation: This work highlights the importance of redox signaling by demonstrating that modulation of
reactive oxygen species can supplant complex downstream regulation, thus affecting metabolic programming
toward aerobic glycolysis. Conclusion: MnP treatment promotes metabolic quiescence, impeding diabetogenic
autoimmune responses by restricting the metabolic pathways for energy production and affecting anabolic
processes necessary for cell proliferation. Antioxid. Redox Signal. 19, 1902–1915.

Introduction

The control of self-reactivity is critical for prevention
and potential reversal of autoimmunity. In particular,

regulating immune cells in type 1 diabetes can lead to reduced
pancreatic beta cell damage. Beta cells are highly susceptible
to reactive oxygen species (ROS) and damage, as they contain
very low antioxidant levels (46). In the face of autoimmunity,
vulnerable beta cells and redox-activated immune cells create
the perfect storm for mediating destruction. As a strategy to
control immune and autoreactive responses, pentacationic,

Mn(42) N-ethyllpyridylporphyrin, MnTE-2-PyP5 + (MnP), a
manganese porphyrin with catalytic antioxidant and ROS-
scavenging (73, 74) capabilities, has been extensively explored
(2, 3, 23, 24a). Many major metabolic pathways that are
involved in immune responses are redox-based such as
hypoxia-inducible factor (HIF)-1a, nuclear factor kappa B
(NF-jB), AP-1, and SP-1. MnP reportedly inactivates all of
these transcription factors (54, 73, 80) and other signaling
proteins, likely via oxidation and glutathionylation of exposed
redox-active cysteines (41). In the context of immunity, MnP-
mediated inhibition of NF-jB in innate immune cells

1Division of Immunogenetics, Department of Pediatrics, Rangos Research Center, Children’s Hospital of Pittsburgh of UPMC, Pittsburgh,
Pennsylvania.

2Department of Immunology, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania.
3Division of Medical Genetics, Department of Pediatrics, Rangos Research Center, Children’s Hospital of Pittsburgh of UPMC, Pittsburgh,

Pennsylvania.
4Department of Radiation Oncology, Duke University Medical Center, Durham, North Carolina.

ANTIOXIDANTS & REDOX SIGNALING
Volume 19, Number 16, 2013
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2012.5167

1902



decreases proinflammatory cytokine production (73). More-
over, MnP treatment also controls diabetogenic TH1 cell acti-
vation through inhibition of metalloprotease-mediated
lymphocyte activation gene 3 (LAG-3) cleavage, a negative
regulator of T cell function (23, 24), reduces CD8 T cell effector
function (72), and enhances long-term allograft survival
through cytoprotection of transplanted islets (71). All of these
effects contribute to protection against type 1 diabetes de-
velopment, which has been demonstrated upon MnP treat-
ment of an adoptive transfer model of diabetes and in
nonobese diabetic (NOD) mice, which spontaneously develop
disease (24, 62).

Metalloporphyrins were originally produced to be very
electron-deficient to possess nearly identical potency as the
superoxide dismutase (SOD) enzyme. MnP has been opti-
mized with respect to its thermodynamics and kinetics, so
that it is involved in cellular redox-based pathways and
readily interacts with reactive species and/or cellular reduc-
tants. The metal-centered reduction potential of MnP for the
MnIII/Mn2 + redox couple is + 228 mV versus NHE (3). In
different oxidation states of Mn + 3 and + 4, MnTE-2-PyP5 +

reacts with cellular reductants and couples this reactivity to
the scavenging of superoxide (O2

- ) and peroxynitrite
(ONOO - ) (1, 20, 73). Alternatively, if the cell is under exces-
sive oxidative stress, such as a cancer cell, and levels of hy-
drogen peroxide are already high or are further increased due
to radiation or chemotherapy, MnP would act as glutathione
peroxidase or thiol oxidase, glutathionylating protein thiols
(40). The prevailing action of MnP would critically depend
upon the cellular redox status, that is, levels of reactive
species/reductants and the co-localization with reactive
species/proteins. At the present state of knowledge and due
to extreme complexity of the cell and MnP reactivity, it is close
to impossible to single out the predominant reaction in vivo. It
is very likely that multiple reactions, beyond those discussed
above, are involved in the redox-based activity of MnP.

Therefore, the possibility of MnP also affecting the meta-
bolic response of diabetogenic immune cells was tested.
Although frequently associated with inhibiting cancer pro-
gression (60, 65), metabolic regulation is relatively unex-
ploited but promising in the context of autoreactivity. Both
innate and adaptive immune cells depend on specific meta-
bolic pathways for survival. Aerobic glycolysis is the primary
metabolic pathway utilized during both antigen-presenting
cell (APC) and T cell activation (44, 59). On the other hand,

survival of naive and central memory T cells is highly
dependent on mitochondrial respiration via oxidative phos-
phorylation (29, 66). Resting T cells undergo oxidative phos-
phorylation as they traverse the body, building up reserves
of adenosine triphosphate (ATP) in preparation for an up-
coming response (29). However, instead of relying solely on
the slow process of oxidative phosphorylation, activated im-
mune cells predominantly use the much faster (100 · ) glyco-
lytic pathway to meet their energy and macromolecule
synthesis demands (17, 59). Despite lower ATP generation
from glycolysis than mitochondrial respiration (2 vs. 38 ATP
molecules, respectively), immune cells upregulate the glucose
transporter Glut1 to compensate and maximize glucose up-
take, offsetting the difference in energy currency (29). In NOD
mice, which spontaneously develop type 1 diabetes, self-
reactive T cells are not efficiently deleted in the thymus,
allowing for the escape of autoreactive cells into the periphery
(27). These T cells then require aerobic glycolysis, which al-
lows rapid macromolecule synthesis, cell growth, and TH1
effector function (58), to effectively target and destroy the
pancreatic beta cells.

The alteration of undesired immune responses can be
beneficial in the context of a plethora of diseases, including
autoimmunity. Unlike cancer and infections, controlling self-
reactivity requires a reduction in immune cell activities. A
number of endogenous pathways exist to directly or indi-
rectly adjust immune responses, such as cytokine skewing,
regulatory T (Treg) cells, and indoleamine 2,3-dioxygenase
induction (4, 48, 57). However, when these mechanisms fail,
treatment options are warranted. Anti-glycolytics and agents
to inhibit oxidative phosphorylation have been utilized in
cancer, transplantation, and neurodegenerative diseases (14,
26, 31). Metabolic control can theoretically affect both innate
and adaptive immune cells, making it a viable option for
autoimmune therapy. In autoimmune models, HIF-1 block-
ade leads to decreased glycolysis, resulting in diminished
TH17-mediated murine experimental autoimmune encepha-
lomyelitis (EAE) (19). Moreover, blocking glycolysis via ra-
pamycin treatment can augment Treg cell development in
type 1 diabetes patients and in humanized mouse allograft
recipients (4). The bioenergetic demands of diabetogenic im-
mune cells during survival and activation highlight the po-
tential for immunometabolic control.

Other groups have demonstrated the ability of various
antioxidants to suppress TH17-mediated arthritis (78), en-
hance Treg cells for the resolution of EAE (77), and reduce
cancer cell glycolysis and growth (69). However, it is un-
known whether MnP can act as an immunometabolic treat-
ment for the bioenergetic regulation of autoreactive immune
cell responses. In this study, oxidative phosphorylation and
aerobic glycolysis are measured upon redox-active MnP
treatment of diabetogenic splenocytes.

Results

Redox modulation of immune cells is reversible

Our lab previously demonstrated the ability of chronic
MnP administration to prevent type 1 diabetes onset in NOD
mice; however, removing systemic MnP treatment allowed
for spontaneous diabetes to progress (24). Based on these
studies, the reversibility of MnP treatment in a rapid adoptive
transfer model of type 1 diabetes was tested. BDC-2.5.TCR.Tg

Innovation

The metalloporphyrin antioxidant used in this study is
catalytic with high bioavailability (3) and displays oxido-
reductase properties, oxidizing and inhibiting NF-jB
binding in the nucleus (73) yet reducing thiols in the cyto-
plasm (24). This is the first study characterizing the effects of
MnP treatment on immune cell metabolism. Further, these
results are novel for diabetogenic splenocytes and help de-
duce the reduced effector function and diabetogenic po-
tential seen previously (24, 62). Overall, redox modulation
provides immunoregulation of bioenergetics in the absence
of cytotoxicity (7, 8, 71, 72) and has implications in other
pathologies, including cancer, as MnP treatment also dis-
plays anti-Warburg effect characteristics.
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mice do not get spontaneous diabetes, like the NOD mice, but
instead, splenocytes from these animals are highly diabeto-
genic when adoptively transferred into NOD.scid recipients
(24, 25). MnP or Hank’s balanced salt solution (HBSS) (con-
trol) was administered to BDC-2.5.TCR.Tg mice for 7 days
and on day 8, splenocytes were transferred into NOD.scid
recipients. Control recipients succumbed to diabetes by day
10, consistent with historical data (24, 62). Compared to
control, recipients of splenocytes from MnP-treated donors
exhibited significantly delayed diabetogenic potential
( p < 0.0005) (Fig. 1A). However, treatment of the donor BDC-
2.5.TCR.Tg mouse did not afford durable protection against
disease onset past 20 days post-transfer. This is in stark con-
trast to previously reported results in which chronic treatment
of the NOD.scid recipient allowed for stable prevention of
diabetes (24). The current data suggest a clearance of MnP
following the final donor injection and a return of diabeto-
genic potential, indicating that the treatment is effective, while
not permanent once therapeutic levels of MnP trough. Ad-
ditionally, in vitro stimulation of BDC-2.5.TCR.Tg splenocytes
after 7 days of in vivo MnP administration also depicted res-
toration of the TH1 effector cytokine, interferon (IFN)-c (Fig.
1B). Stopping MnP treatment thus retains cell viability and
permits reversibility of immunomodulatory effects.

Redox modulation minimally decreases overall oxygen
consumption of diabetogenic splenocytes

Redox modulation can inhibit TH1 effector function and
block immune cell NF-jB activation (24, 73, 74). Once MnP
treatment ceases, there is a cumulative regeneration of dia-
betogenic potential (Fig. 1), which raised the question of how
redox modulation may be affecting the progression to effector
function in immune cells. Because MnP can scavenge ROS,
which are a constant byproduct of cellular respiration, meta-
bolic regulation may be contributing to the delayed adoptive
transfer of diabetes (Fig. 1A) and the previously reported re-
ductions in diabetogenic immune cell effector function (24,
74). Accordingly, the bioenergetics of diabetogenic spleno-

cytes as a source of immune cells were interrogated. The
majority of spleen cells are lymphocytes, with monocytes
making up less than 7% of the total cells; therefore, spleno-
cytes in the BDC-2.5.TCR.Tg mouse reflect an abundant
population of self-reactive CD4 + T cells. First, oxidative
phosphorylation, important for producing abundant ATP
reserves (29), was measured. To compare respiratory capac-
ity, overall oxygen concentration and the rate of its con-
sumption in control versus MnP-treated BDC-2.5.TCR.Tg
splenocytes using an Oroboros Respirometer were detected,
as represented in Figure 2A. Oligomycin, an ATPase inhibitor,
causes a drop in oxygen consumption that reflects the respi-
ration needed to sustain ATP production in the splenocytes.
Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP), on the other hand, uncouples ATP synthesis from
oxygen consumption, allowing for maximal respiration to
occur. To stop all mitochondrial respiration at the end of the
experiment, rotenone, an inhibitor of complex I, was added.
Upon first glance, MnP treatment seemed to affect oxygen
consumption, as shown in the representative Oroboros res-
pirometry graph (Fig. 2A); however, the average of multiple
experiments (Fig. 2B) refuted this interpretation. Although
uncoupling respiration from ATP synthesis with additive
FCCP, which was utilized to reach a maximum respiratory
response without exhibiting inhibitory action, elicited signif-
icant decreases in MnP-treated splenocytes at specific doses,
redox modulation did not significantly reduce respiration at
baseline (Basal) or upon maximal uncoupling (FCCP 8.0 lM),
the major indicators of experimental oxygen consumption
rates. Therefore, overall oxidative phosphorylation was only
minimally affected by MnP treatment.

MnP treatment induces more efficient glucose
oxidation while reducing fatty acid oxidation

Glucose and fatty acids can be used by immune cells in the
tricarboxylic acid (TCA) cycle for oxidative phosphorylation
and ATP production. To parse out differences in substrate
oxidation, in contrast to overall oxygen consumption (Fig. 2),

FIG. 1. Stopping redox modulation leads to finite autoreactive immune cell control. BDC-2.5.TCR.Tg mice were treated
for 7 days i.p. with MnP or HBSS at 10 mg/kg. (A) On day 8, splenocytes were harvested and adoptively transferred
intravenously into NOD.scid recipients. Recipients were monitored by glucosuria and blood glucose and considered diabetic
after two consecutive blood glucose readings of > 300 mg/dL. n = 3 transfers/group, p < 0.0001. (B) On day 8, splenocytes
were harvested for in vitro stimulation with 2.5 mimotope – MnP. At 48–96 h, supernatants were collected and used in an
IFN-c ELISA. Data show the average of independent experiments performed in triplicate from n = 5 mice/group, *p < 0.05.
BDC, Barbara Davis Center; ELISA, enzyme-linked immunosorbent assay; HBSS, Hank’s balanced salt solution; i.p., intra-
peritoneal; NOD, nonobese diabetic; Tg, transgenic; IFN, interferon.

1904 DELMASTRO-GREENWOOD ET AL.



glucose and the fatty acid palmitate were used in splenocyte
uptake assays. In MnP-treated splenocytes, glucose oxidation,
as measured by radiolabeled CO2 production, was signifi-
cantly enhanced ( p < 0.005) in comparison to control cells (Fig.
3A). Conversely, fatty acid oxidation, which would increase
in the absence of sufficient glucose oxidation (9), was de-
creased following redox modulation (Fig. 3B). However,
spleen ATP levels remain unchanged between the groups
(Fig. 3C), suggesting an augmentation of glucose-driven TCA
cycle efficiency after MnP administration.

MnP treatment does not significantly alter
mitochondrial complex or biogenesis molecules

Based on the increase in glucose oxidation, differences in
mitochondrial abundance, which may allot for this enhance-
ment, were detected following MnP treatment. To first assess
this possibility, an antibody cocktail was used to measure
mitochondrial complex proteins (Complexes I–V) from whole
cell splenocyte lysates after 7 days of in vivo treatment. The
cocktail contains antibodies to complex subunits that are la-
bile if not assembled properly; therefore, an accurate depic-
tion of the mitochondrial complexes should be feasible with
this probe. In general, mitochondrial complex proteins were
not significantly decreased after MnP treatment (Fig. 4A, B).
Further, mitochondrial biogenesis transcription factors, which
regulate the production of the mitochondrial complexes, were

also measured by quantitative real-time–polymerase chain
reaction (qRT-PCR). Pgc-1 and Tfam were not statistically
different, whereas nuclear respiratory factor 1 (Nrf1) was
significantly reduced following MnP treatment (Fig. 4C).
Nrf1, however, not only contributes to mitochondrial bio-
genesis, but also helps to control phase II antioxidant enzyme
production (5) and cellular growth (11). Since the expression
of other biogenesis molecules is unchanged, reduced Nrf1
after redox modulation may therefore correlate with a de-
creased need for antioxidant transcription, as MnP acts as an
effective scavenger of ROS. However, splenocyte transcript
levels of thioredoxin 1 and 2, glutathione synthase, and glu-
tathione peroxidase 1 did not change following MnP treat-
ment (data not shown), suggesting that Nrf1 regulation of the
cell cycle is more likely targeted in correlation to the effects on
aerobic glycolysis (discussed below). Overall, these results
indicate that differences in glucose oxidation are not due to
variations in mitochondrial abundance between control and
MnP-treated splenocytes.

MnP treatment stabilizes aconitase activity
in diabetogenic splenocytes

To determine TCA cycle efficiency, aconitase activity was
measured in splenocytes from MnP-treated and control BDC-
2.5.TCR.Tg mice. Over time, superoxide produced from the
mitochondrial electron transport chain is able to damage TCA

FIG. 2. Respiration is not signif-
icantly reduced following in vivo
redox modulation. BDC-2.5.TCR.Tg
mice were treated for 7 days i.p. with
MnP or HBSS at 10 mg/kg. On day 8,
splenocytes were harvested and an-
alyzed in an Oroboros Respirometer.
Dulbecco’s minimal essential me-
dium was used as an incubation
media with 20 mM glucose as a sub-
strate for oxidation. Oxygen con-
sumption was measured as pmol/
(s*Mill). (A) Respiration (O2 flow per
cell; open squares = control, open tri-
angles = MnP) was determined at
basal conditions and after the addi-
tion of mitochondrial inhibitors, oli-
gomycin (Oligo) and rotenone (Rot),
and additive amounts of the mito-
chondrial uncoupler FCCP. Total
oxygen concentration also displayed
(nmol/ml O2; closed squares = con-
trol, closed triangles = MnP). Graph
representative of typical Oroboros
respirometry measurements. (B)
Data show the average of indepen-
dent experiments performed in
triplicate from n = 5 mice/group,
*p < 0.05, **p < 0.005. FCCP, car-
bonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone; pmol/(s*Mill),
pmol/second/million cells.
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enzymes, such as aconitase (79). Aconitase catalyzes the con-
version of citrate to isocitrate in the TCA cycle, making it nec-
essary for normal metabolic function. However, the iron-sulfur
cluster within its active site renders aconitase highly suscepti-
ble to superoxide-mediated damage (32), causing a subsequent
decrease in enzymatic activity and less efficient glucose oxi-
dation. An accumulation of aconitase inactivation has been
correlated with oxidative stress present in diabetes (64) and
aging (79). Upon MnP treatment, diabetogenic splenocytes
have increased aconitase activity compared with controls (Fig.
5). In correlation with the enhanced glucose oxidation, these
results indicate more efficient TCA cycle function and possibly
better coupling in the electron transport chain. As a scavenger
of superoxide, MnP treatment likely reduces the level of free
radicals leaked from the respiratory chain, leading to better
glucose utilization despite similar ATP production (Fig. 3C).

Redox modulation decreases aerobic glycolysis
of diabetogenic splenocytes

Activated immune cells undergo aerobic glycolysis as their
main form of metabolism (6, 59). Based on the results indi-

cating a significant increase in glucose oxidation and aconi-
tase activity (Figs. 3 and 5), the level of aerobic glycolysis
following MnP treatment was next ascertained. To determine
glycolytic activity, lactate production was measured in mouse
spleens after 7 days of in vivo treatment. Lactate production is
indicative of immune cell activation (17). Specifically, when a
proliferating cell’s glycolytic rate exceeds its energy needs,
pyruvate and nicotinamide adenine dinucleotide (NADH)
convert into lactate, regenerating the NAD + pool (30). Lac-
tate levels were significantly decreased in spleens from
MnP-treated mice ( p < 0.05) (Fig. 6), suggesting that reduced
aerobic glycolysis may contribute to immune cell quiescence
and stunted diabetogenic potential.

Redox modulation decreases signaling important
for aerobic glycolysis and the pentose phosphate pathway

In accordance with the decrease in lactate production,
MnP-mediated signaling effects were determined. Although
redox reactions are known to regulate kinases and phospha-
tases that are crucial for immune signaling (15), those medi-
ators that are important for driving aerobic glycolysis and the

FIG. 3. Glucose oxidation efficiency is enhanced after redox modulation. BDC-2.5.TCR.Tg mice were treated for 7 days
i.p. with MnP or HBSS at 10 mg/kg. On day 8, spleens were harvested. (A) Isolated splenocytes were given D-[6-14C] glucose
and 2.5 lM cold glucose, incubated for 1 h, and 14CO2 was measured. (B) Isolated splenocytes were given [1-14C] palmitic
acid, incubated for 1 h, and 14CO2 was measured. (C) Spleens were weighed, homogenized, boiled, and used in an ATP
determination assay. ATP (nM) was quantified per mg of spleen. Data show the average of independent experiments
performed in triplicate from n = 3 mice/group, *p < 0.05, **p < 0.005. ATP, adenosine triphosphate.
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pentose phosphate pathway (PPP) were specifically mea-
sured. To initiate growth and proliferation, immune cells
must switch their metabolic programming to the glycolytic
pathway and PPP (45). In response to a mitogen, for example,
aerobic glycolysis allows for rapid generation of ATP, facili-
tating immediate cell activation and immune responses (58,
66, 75). Moreover, aerobic glycolysis provides the necessary
cues for protein synthesis, and PPP is responsible for pro-
ducing macromolecule building blocks, which are also nec-
essary for rapid cell division (21, 45). Certain signaling
mediators are critical for both of these programs, as displayed
in Figure 7A. Therefore, the levels of each of these signaling
molecules were measured. Mammalian target of rapamycin
(mTOR) and c-Myc activation can initiate cell cycle. Decreased
activation of mTOR blocks expansion of cells, especially in
times of starvation or when glycolysis is low (38). c-Myc
regulates cyclin-dependent kinases, distinguishing it as an
inducer of cell cycle and an amplifier of oncogenic gene ex-
pression in cancer biology (39, 47). After MnP treatment,
mTOR phosphorylation at Ser2448 is enhanced (Fig. 7B),
which is considered an indicator of mTOR repression (67).
Additionally, c-Myc expression is decreased, suggesting a
potential reduction in glycolysis and a blockade in splenocyte

expansion. Both c-Myc and mTOR regulate Glut1 expression,
a glucose transporter protein, for glucose uptake to further
aerobic glycolysis during times of cellular proliferation (37,
56). Glut1 expression is reduced following MnP administra-
tion, suggesting diminished glycolysis in response to lowered
c-Myc and mTOR activation.

To further investigate mTOR activity, downstream signal-
ing targets p70S6K (S6 kinase) and eukaryotic initiation factor
4E-binding protein (PHAS-I) (also known as 4E-BP1) were
measured, which are important for triggering protein syn-
thesis (36, 67). Upon MnP treatment, phosphorylation of both
S6 kinase and PHAS is decreased, suggesting reduced mTOR
activity, diminished cell cycle, and confirming previously
reported data, where CD4 + T cell proliferation was also
blunted by redox modulation (24). Lastly, expression of
glucose-6-phosphate dehydrogenase (G6PD), the rate limit-
ing step in the PPP and a regulator of ribose 5-phosphate
and nicotinamide adenine dinucleotide phosphate (NADPH)
generation for nucleotide biosynthesis (45) was assessed. Re-
dox modulation also reduced G6PD levels, correlating with
the overall decrease in signaling necessary for driving im-
mune cell activation. These data in conjunction with reduced
lactate production (Fig. 6) together highlight the potential of

FIG. 4. MnP treatment does not significantly alter the amount of mitochondria. BDC-2.5.TCR.Tg mice were treated for 7
days i.p. with MnP or HBSS at 10 mg/kg. On day 8, splenocytes were harvested for protein lysates. (A) Whole cell lysates
were probed for MitoOXPHOS antibody cocktail by western blot. Actin was probed as a loading control. Each complex is
indicated based on its molecular weight. Data are representative of 3 independent experiments. (B) Densitometry was
quantified for each complex by normalizing control and MnP-treated cells to actin. Expression of complex proteins quantified
from 3 independent experiments. (C) Mitochondrial biogenesis mRNA levels were measured by qRT-PCR. The fold change of
control samples were set arbitrarily to 1 and compared to MnP treatment. All samples were normalized to the endogenous
GAPDH control. Data show the average of independent experiments performed in triplicate from n = 4–5 mice/group,
*p < 0.05. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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MnP treatment to lower immune cell bioenergetics, which
most likely contributes to decreased activation and delayed
diabetes onset upon transfer.

Discussion

Treatment with MnP is known to reduce BDC-2.5.TCR.Tg
diabetogenicity and TH1 IFN-c responses (24, 72, 74). As
shown previously (24), MnP treatment causes a significant

delay in diabetes onset compared to control upon adoptive
transfer of BDC-2.5.TCR.Tg splenocytes into NOD.scid mice.
In the present study, however, recipients of MnP-treated cell
transfers ultimately succumbed to disease at day 23, whereas
previous data demonstrated long-lasting tolerance against
diabetes only when the recipients were treated (24). The
eventual disease manifestation after MnP-treated cell transfer
prompted investigation of what was changing immunologi-
cally after treatment ceases, which would enable better de-
termination of necessary adjunct therapies to compliment
MnP treatment in the future. In vitro stimulated IFN-c pro-
duction from splenocytes treated for 7 days in vivo demon-
strated a quick restoration of TH1 cytokines to control levels,
characteristic of unrestricted diabetogenic responses. These
data highlighted not only sustained cell viability but also ra-
pid changes in diabetogenic potential when treatment is
stopped, providing rationale for elucidating whether redox
modulation regulates the bioenergetics of diabetogenic
immune cells.

Adequate energy is crucial for directing activation and
expansion of immune cells. Resting T cells rely primarily on
oxidative phosphorylation, whereas activated T cells depend
mainly on glycolysis. Innate cells, on the other hand, pre-
dominately utilize glycolysis during all activation states (6).
Although some increases in mitochondrial respiration are
detected upon activation (52), oxidative phosphorylation is
chiefly utilized for ATP storage in immune cells, preparing
them for efficient function upon activation (29). Conversely,
the macromolecule synthesis necessary for immune cell ex-
pansion is a result of the quicker metabolic route of glycolysis,
in conjunction with the PPP (59). Redox modulation demon-
strated only a minimal reduction in overall oxygen con-
sumption of diabetogenic splenocytes, yet, upon parsing out
different oxidation substrate pathways (glucose and palmi-
tate), glucose oxidation was significantly enhanced while
fatty acid oxidation was decreased compared with controls.
While glucose-driven oxidative phosphorylation is necessary
for preparing the cell for activation (29), fatty acid oxidation is
critical for driving chronic inflammation, as in the case of EAE
(70). Moreover, when glucose oxidation is utilized, fatty acid
oxidation is historically downregulated, as the two pathways
are reciprocally controlled (9). Regardless of these differences
in oxidation, overall ATP production remains unchanged
between spleens from control and MnP-treated mice. These
results do not necessarily mean that more glucose is oxidized
than in control cells, but may instead indicate more mito-
chondria and/or better TCA cycle function and coupling in
the electron transport chain.

Upon further investigation, no differences were detected in
mitochondrial complex proteins of the electron transport
chain or biogenesis transcripts, indicating equal amounts of
mitochondria in each sample. However, Nrf1, a transcription
factor important for biogenesis and for activating the antiox-
idant response element, was significantly decreased after
MnP treatment. Because of the ROS scavenging properties of
MnP, the need for increased endogenous antioxidants is likely
reduced. Moreover, alleviating ROS burden leads to reduced
oxidative stress, which is known to upregulate Nrf1 gene
transcription (35), and the significant reduction in Nrf1 may be
related to the stress level of the cell, not differences in mito-
chondrial biogenesis. Further, Nrf1 plays a role in regulating
cell cycle (15), and the aerobic glycolysis signaling results

FIG. 5. Redox modulation sustains aconitase activity.
BDC-2.5.TCR.Tg mice were treated for 7 days i.p. with MnP
or HBSS at 10 mg/kg. On day 8, spleens were harvested.
Spleens were homogenized and diluted to a concentration of
1000 lg/ml based on BCA assay. Aconitase activity was
measured kinetically over 15 min. Median activity of inde-
pendent experiments performed in triplicate from n = 3
mice/group,*p < 0.05.

FIG. 6. MnP treatment decreases lactate production. BDC-
2.5.TCR.Tg mice were treated for 7 days i.p. with MnP or
HBSS at 10 mg/kg. On day 8, spleens were harvested.
Spleens were weighed, homogenized, and used in a lactate
assay. Lactate (nmol) was quantified per mg of spleen. Data
show the average of independent experiments performed in
triplicate from n = 3 mice/group,*p < 0.05.
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suggest that cell proliferation is reduced. Lowered Nrf1 upon
MnP treatment may thus contribute to decreased cell growth.

TCA cycle function was next evaluated, and aconitase ac-
tivity was enhanced in MnP-treated diabetogenic splenocytes.
ROS produced during the electron transport chain are able to
damage iron-sulfur-containing enzymes, such as aconitase
(79). As aconitase activity is lost, less efficient glucose oxida-
tion results (32). Further, aconitase dysfunction has been
linked to diabetes (64) and aging (79), in connection with the
high oxidative stress and accumulating ROS found in both
conditions. In type 1 diabetes, a combination of hyperglyce-
mia and high ROS causes beta cell and kidney mitochondrial
oxidative damage, which reduces aconitase activity (64) and
ultimately disturbs bioenergetics and triggers long-term
complications. The effects of aconitase dysfunction in immune
cells are less understood. In an SOD2 - / - mouse, T cells have
elevated superoxide production, impaired aconitase activity,
and do not efficiently protect against influenza virus (12). Our
results in autoimmune cells are counterintuitive to studies in
infection. Protection of aconitase activity via redox modula-
tion in a diabetogenic model may indeed maintain immune
cell viability, as it does in pancreatic beta cells (63); however,
in conjunction with scavenging of ROS and previously re-
ported reductions in cytokine production (i.e., interleukin-1b)
(8, 73), MnP treatment is not promoting increased respon-
siveness and effector function through aconitase augmenta-

tion, but instead it is keeping the cells alive yet quiescent.
Enhanced efficiency of glucose oxidation via protected aco-
nitase activity is likely mediated by MnP administration.

Contrary to mitochondrial respiration, aerobic glycolysis in
combination with the PPP is necessary for providing meta-
bolic intermediates to propel immune cell activation and
proliferation. Although mitochondrial respiration provides
greater amounts of ATP, the quicker production of energy and
biosynthetic precursors skews immune cells toward glycoly-
sis for reaching their energy and macromolecule demands,
especially during infection (51). The same holds true for dia-
betogenic T cells, which rapidly destroy pancreatic beta cells
upon adoptive transfer (24, 62). In aerobic glycolysis, the
metabolic intermediate pyruvate is fermented to lactate,
subsequently replenishing NAD + for macromolecule syn-
thesis and allowing the continuation of glycolysis (30). Lactate
levels increase during T cell activation (17, 30), illustrating
how immune cells heavily rely on aerobic glycolysis for
transition from a resting state. Moreover, diabetic immune
cells are known to produce greater amounts of lactate than
their non-autoimmune counterparts (28). Upon MnP treat-
ment, lactate levels in the spleen were significantly lower than
control mice, suggesting that aerobic glycolysis is decreased
upon redox modulation of diabetogenic splenocytes, poten-
tially resetting their metabolic program to that of non-
autoimmune cells. Additionally, lactate is known to induce

FIG. 7. Redox modulation leads to decreased aerobic glycolysis and PPP signaling. (A) Signaling important for the
collaboration of glycolysis, cell cycle, protein synthesis, and PPP. (B) BDC-2.5.TCR.Tg mice were treated for 7 days i.p. with
MnP or HBSS at 10 mg/kg. On day 8, splenocytes were harvested for protein lysates. Whole cell lysates were probed for Glut-
1; c-Myc; phospho-mTOR and mTOR; phospho-p70s6K and phospho-PHAS; and G6PD by western blot. Actin was probed as
a loading control for all panels. Data show representative blots of independent experiments from n = 3–4 mice/group. G6PD,
glucose-6-phosphate dehydrogenase; mTOR, mammalian target of rapamycin; PPP, pentose phosphate pathway; PHAS-1
(4E-BP1), eukaryotic initiation factor 4E-binding protein.
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ROS-responsive genes, such as Nrf1 (35), providing another
potential reason for its downregulation upon MnP treatment.

In addition to lactate levels, glycolytic and PPP signaling
molecules were also measured. mTOR and c-Myc were first
investigated, as they are both important for cell cycle and
glycolysis (36, 39). mTOR is activated downstream of the
phosphatidylinositide 3-kinase (PI3K)-Akt pathway, which is
stimulated during T, B, and APC activation, glycolysis, and
oxidative stress (30). During times of starvation or low gly-
colysis, activated mTOR is decreased, repressing its own
catalytic activity, augmenting cyclin-dependent kinase in-
hibitors and promoting hyporesponsive T cells (67, 81). MnP
treatment boosted the amount of phosphorylated mTOR
compared to control splenocytes. The specific serine probed,
Ser2448, may contribute to a mTOR repressor domain (67);
however, controversial literature exists characterizing
Ser2448 as an activator of mTOR (55). Based on this discrep-
ancy, downstream targets were investigated to better under-
stand the activation status of mTOR after MnP treatment. For
efficient cell cycle progression and proliferation, activated
mTOR regulates p70S6K and PHAS-I (36), which both require
phosphorylation to control ribosome biogenesis and transla-
tion initiation, respectively. S6 kinase is especially important
for entry of T cells into S-phase, and intriguingly, blockade of
S6 kinase increases lifespan, highlighting its role in aerobic
glycolysis, ROS production, and aging (68). PHAS-I, on the
other hand, is a repressor of translation and upon phosphor-
ylation, releases the translational initiator eukaryotic initia-
tion factor-4E (eIF-4E) (49). MnP treatment reduced both S6
kinase and PHAS-I phosphorylation, indicating that the
phosphorylation of Ser2448 inhibits mTOR activation in our
experimental model of diabetogenic splenocytes and results
in reduced aerobic glycolysis and immune cell expansion.
This result also positively correlates with previous studies
displaying decreased CD4 + T cell proliferation and TH1 ef-
fector function following redox modulation (24), as mTOR
activation is crucial for both (22). Further studies are currently
being done to characterize several phosphorylation sites
within mTOR.

c-Myc is a direct regulator of cell cycle machinery, making it a
critical contributor to cellular growth. In T cells, c-Myc expres-
sion is greatly increased upon activation to induce genes in-
volved in aerobic glycolysis, such as lactate dehydrogenase (18).
Similar to the effects seen with the antioxidant a-tocopherol (69),
MnP treatment of mice reduced c-Myc expression in spleno-
cytes, again correlating with reduced aerobic glycolysis and
autoreactive immune cell proliferation. Further, c-Myc is
downregulated by transcription factors for programming qui-
escence in lymphocytes (10), suggesting that redox modulation
may similarly be triggering this phenomenon.

Although c-Myc can provide the necessary cues for effec-
tive T cell activation (18), it is widely described as an oncogene
(76). Similar to immune cell proliferation, cancer cells rely
heavily on aerobic glycolysis, a phenomenon called the
Warburg effect. c-Myc, mTOR, Glut1, and G6PD are all in-
volved in signaling pathways that contribute to the Warburg
effect (18, 36, 76). Both c-Myc and mTOR regulate glucose
uptake through Glut1 expression (37, 56). Glut1, the only
glucose transporter expressed on immune cells (30), was
lower on MnP-treated splenocytes than control cells. Glucose
uptake is essential for initiating T cell activation and prolif-
eration, and Glut1 expression is highly increased upon T cell

stimulation (52). Although counterintuitive, when glucose is
in excess, glycolysis potentiates ATP production in greater
quantities and at a faster rate compared with oxidative
phosphorylation (33). However, lower Glut1 levels upon re-
dox modulation does not cause cell death (72), suggesting that
the nutrient supply and more efficient glucose oxidation al-
lows for MnP-treated diabetogenic splenocytes to remain vi-
able yet quiescent. Regulation of Glut1 expression is indeed
essential for controlling hyperresponsive lymphocytes so as
not to cause pathology, and in our model, may contribute to
reduced diabetogenic potential and decreased IFN-c secretion
(current study) (13, 24). Lastly, MnP treatment also reduced
G6PD expression, the rate-limiting enzyme in the PPP and,
like c-Myc and mTOR, is important for cell growth (45).
Although PPP and G6PD expression have been linked to
oxidative stress control, as they provide NADPH reducing
equivalents (53), their overexpression has been targeted for
cancer therapies (34), suggesting a necessary balance to avoid
pathologies.

Overall, MnP treatment can control autoimmunity through
both immunological (24, 72–74) and metabolic mechanisms.
Redox modulation maintained efficient glucose oxidative
phosphorylation, yet reduced aerobic glycolysis, leading to
decreased autoreactive immune cell activation and diabeto-
genic potential. ROS have been well established as critical
components for controlling cell cycle in health and disease (47,
64). Controlling aerobic glycolysis via redox modulation may
be a viable option for regulating immune responses, and MnP
treatment, which is non-toxic (3, 7, 72), islet cytoprotective
(7, 8), and reversible, displays anti-Warburg effect character-
istics, largely promoting immune cell quiescence. Bioenergetic
regulation is thus a possible therapeutic option for controlling
self-reactivity and may hold promise for prevention or re-
versal of T cell-mediated autoimmune diseases, such as type 1
diabetes.

Materials and Methods

Materials

NOD.BDC-2.5.TCR.Tg and NOD.scid mice were bred and
housed under specific pathogen-free conditions in the Animal
Facility of Rangos Research Center at Children’s Hospital of
Pittsburgh of UPMC (Pittsburgh, PA). Standard chow-fed
female mice were used at 4–10 weeks of age in all experi-
ments. All animal experiments were approved by the In-
stitutional Animal Care and Use Committee of the Children’s
Hospital of Pittsburgh and were in compliance with the laws
of the United States of America. All animals were sacrificed by
CO2 asphyxiation per AALC requirements. MnP was a gen-
erous gift from James Crapo, MD at National Jewish Health.
MnP was prepared as previously described (74) and used at
10 mg/kg in all in vivo experiments.

In vivo 7 day treatment

BDC-2.5.TCR.Tg mice were treated with MnP (10 mg/kg)
or HBSS intraperitoneally for 7 days. On day 8, spleens were
collected for further analysis, described below. Equal
amounts of cells and mgs of protein were used in each ex-
periment. Splenocytes were immediately used for experi-
mentation following isolation or, in the case of aconitase/
ATP/lactate assays, spleens were snap frozen until use.

1910 DELMASTRO-GREENWOOD ET AL.



Adoptive transfer of diabetogenic splenocytes

Following 7 day in vivo treatment, splenocytes were iso-
lated from control or MnP-treated mice. A total of 1 · 107

splenocytes was then adoptively transferred intravenously
into NOD.scid mice. Diabetes was monitored starting at 10
days post-transfer. Overt diabetes was measured by a positive
glucosuria test followed by two consecutive blood glucose
readings of ‡ 300 mg/dL.

In vitro T cell assay and enzyme-linked
immunosorbent assay

After 7 days of in vivo treatment, 5 · 105 BDC-2.5.TCR.Tg
splenocytes were seeded in 96-well round-bottom plates with
0.5 lM of BDC-2.5 mimotope (M) (EKAHRPIWARMDAKK)
in supplemented Dulbecco’s minimal essential medium
(DMEM) (74) (Invitrogen Life Technologies, Grand Island,
NY). At 48–96 h post-stimulation, supernatants were har-
vested for IFN-c enzyme-linked immunosorbent assay (ELI-
SA). ELISAs were performed according to the manufacturer’s
instructions (BD Biosciences, San Jose, CA). All ELISAs were
read on a SpectraMax M2 microplate reader (Molecular De-
vices, Sunnyvale, CA), and data were analyzed using SoftMax
Pro v5.4.2 (Molecular Devices).

Splenocyte respiration rates

On day 8 post-MnP or HBSS treatment, splenocytes were
harvested, and 2 · 107 cells were measured by an Oroboros
High Resolution Respirometer (Innsbruck, Austria) in a stirred
2 ml chamber in supplemented DMEM with 20 mM glucose as
a substrate for oxidation. Oxygen sensor was calibrated at each
experiment according to the manufacturer’s instructions. Cal-
culations of respiratory rates were performed by software built
into the instrument. Basal oxygen consumption was measured
followed by (i) oligomycin (1 lM), to inhibit ATP production by
blocking complex V (ATPase) of the electron transport chain;
(ii) at least 8 additions of 1 lM FCCP, to uncouple oxidative
phosphorylation; and (iii) rotenone (1 lM), to measure non-
mitochondrial oxygen consumption via inhibition of complex I
in the electron transport chain.

Preparation of cell lysates and western blotting

BDC-2.5.TCR.Tg splenocytes were harvested after 7 days of
in vivo treatment. Whole cell lysates were prepared as described
(16). Protein concentration of all lysates was determined by bi-
cinchoninic protein assay (BCA) protein assay (Thermo Fisher,
Rockford, IL). Protein lysates were separated on 4%–20% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis gels. Wes-
tern blots were performed as described (73) (with the exception of
no boiling, 150 mAmp transfer for 1.5 h, and blocking O/N in 5%
non-fat dry milk in PBS for those samples probed with Mi-
toOXPHOS antibody) with antibodies MitoOXPHOS (1:250)
(Santa Cruz Biotechnology, Santa Cruz, CA), Glut1 (1 lg/ml)
(Abcam, Cambridge, MA), mTOR (1:1000), phospho-mTOR
(1:1000), phospho-S6K (1:1000), phospho-PHAS (1:1000), G6PD
(1:1000), c-Myc (1:1000) (Cell Signaling, Danvers, MA), and
b-actin (1:10,000) (Sigma-Aldrich, St. Louis, MO). All primary
antibodies were diluted in 5% bovine serum albumin (BSA) in
TBST, except for MitoOXPHOS in 1% non-fat dry milk in PBS.
Secondary antibodies were from Jackson ImmunoResearch,
West Grove, PA. Chemiluminescence was detected using ECL

Plus reagent (Amersham Pharmacia Biotech, Buckinghamshire,
United Kingdom). Blots were analyzed using Fujifilm LAS-4000
imager and Multi Gauge software (Fujifilm Life Science, Tokyo,
Japan).

mRNA quantification

BDC-2.5.TCR.Tg splenocytes were isolated after 7 days of
in vivo treatment. Cells were collected, pelleted, and used for
RNA isolation. RNA was isolated via the RNAeasy Kit
(Quiagen, Valencia, CA), followed by complementary deox-
yribonucleic acid (cDNA) synthesis using the SuperScript III
First-Strand Synthesis System (Invitrogen Life Technologies).
The qRT-PCR was performed using the following primer
pairs: PCG-1 (forward) 5¢-ACCCACAGGATCAGAACAAA
CCCT-3¢, (reverse) 5¢-TGGTGTGAGGAGGGTCATCGTTT-3¢;
TFAM (forward) 5¢-AGTCTTGGGAAGAGCAGATGGCT-3¢,
(reverse) 5¢-AGACCTAACTGGTTTCTTGGGCCT-3¢; Nrf1
(forward) 5¢-AACGGAAACGGCCTCATGTGTTTG-3¢, (re-
verse) 5¢-GAGTACAATCGCTTGCTGTCCCA-3¢; glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) (forward)
5¢-GCATCCTGCACCACCAACT-3¢, (reverse) 5¢-CTGGCA
TGGCCTTCCGTGTT-3¢. Quantitative RT-PCR was performed
using a Light Cycler 2.0 (Roche, Indianapolis, IN). The reaction
mixtures containing SYBR Green were generated following the
manufacturer’s protocol. The cycling program was as follows:
initial denaturation at 95�C for 10 min, 40 cycles of amplification
with a denaturation step at 95�C for 5 s, an annealing tempera-
ture of 60�C for 15 s, and an extension step at 72�C for 20 s. All
samples were normalized to GAPDH, and MnP-treated samples
were compared to control samples arbitrarily set to 1.

Glucose and palmitate uptake assay

BDC-2.5.TCR.Tg splenocytes were isolated after 7 days of
in vivo MnP treatment. Glucose oxidation was determined as
described previously (50). Briefly, 1 lCi of D-[6-14C] glucose and
2.5lM cold glucose in 0.2% BSA-HBSS were added to spleno-
cytes. Tubes were incubated at 37�C in water bath with rotation
for 1 h. To terminate metabolic reactions, 200 ll 2 N HCl was
added and 500ll Hyamine (PerkinElmer Life Sciences, Wal-
tham, MA) was added. 14CO2 generated was then detected us-
ing a b counter. Palmitate oxidation was measured as described
previously (43). Briefly, splenocytes were resuspended in su-
crose/Tris/EDTA buffer and incubated for 1 h in reaction mix-
ture (pH 8.0) containing [1-14C] palmitic acid. Measurements of
acid-soluble metabolites and trapped CO2 were then detected.

ATP determination

ATP determination kit was used following the manufactur-
er’s instructions (Invitrogen Life Technologies). Spleens were
collected on day 8 following 7 days of in vivo treatment,
weighed, homogenized in 1 · reaction buffer, and centrifuged.
1 ml boiling water was added to each cell pellet, vortexed,
centrifuged at 12,000 rpm for 5 min at 4�C, and supernatants
were utilized in the assay. Background was measured for each
standard and sample and subtracted accordingly. Luciferase
was measured on a Victor3 Multilabel Counter 1420 (Perki-
nElmer) and ATP values were normalized to spleen weight.

Aconitase activity assay

Aconitase Assay Kit was used following the manufacturer’s
instructions (Cayman Chemical Co, Ann Arbor, MI). Spleens
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were collected on day 8 following 7 days of in vivo treatment,
homogenized, and adjusted to 1000 lg/ml total protein. Aco-
nitase activity was measured kinetically at an optical density
340 nm for 15 min at 37�C. All samples were normalized to a
blank. Samples – aconitase inhibitor were measured and used
to calculate final aconitase activity (nmol/min/ml).

Lactate assay

L-Lactate Assay Kit was used following the manufacturer’s
instructions (Abcam). Spleens were collected on day 8 fol-
lowing 7 days of in vivo treatment, weighed, sonicated in
lactate assay buffer, and diluted 1:5 in buffer prior to assay.

Statistical analysis

The difference between mean values was assessed by
Student’s t-test, with p < 0.05 considered significant. All ex-
periments were performed at least three times. Data are
mean – standard error of the mean. Survival analysis was
done using the product-limit (Kaplan–Meier) method with
the endpoint defined as disease. Data on animals that did not
develop type 1 diabetes were censored. The p-values were
determined by Log-Rank test.
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Abbreviations Used

lCi¼micro Curie
Akt¼protein kinase B

APCs¼ antigen-presenting cells
ATP¼ adenosine triphosphate
BCA¼ bicinchoninic protein assay
BDC¼Barbara Davis Center
BSA¼ bovine serum albumin

C¼ carbon
CD¼ cluster of differentiation

cDNA¼ complementary deoxyribonucleic acid
CO2¼ carbon dioxide

DMEM¼Dulbecco’s minimal essential medium
EAE¼ experimental autoimmune

encephalomyelitis
EDTA¼ ethylenediaminetetraacetic acid
eIF-4E¼ eukaryotic initiation factor-4E
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Abbreviations Used (Cont.)

ELISA¼ enzyme-linked immunosorbent
assay

FCCP¼ carbonyl cyanide
4-(trifluoromethoxy)
phenylhydrazone

G6PD¼ glucose-6-phosphate
dehydrogenase

GAPDH¼ glyceraldehyde 3-phosphate
dehydrogenase

Glut1¼ glucose transporter 1
HBSS¼Hank’s balanced salt solution

HCl¼hydrochloric acid
HIF¼hypoxia-inducible factor
i.p.¼ intraperitoneal

IFN¼ interferon
LAG-3¼ lymphocyte activation gene 3

M¼BDC-2.5 mimotope
MnTE-2-PyP5+, MnP¼Mn(42) meso-tetrakis

(N-alkylpyridinium-2-yl)
porphyrin

mTOR¼mammalian target of rapamycin
NAD+/NADH¼nicotinamide adenine dinucleotide

NADPH¼nicotinamide adenine
dinucleotide phosphate

NF-jB¼nuclear factor kappa B
NOD¼nonobese diabetic
Nrf1¼nuclear respiratory factor 1

Oligo¼ oligomycin
p70S6K¼ S6 kinase
PGC-1¼peroxisome proliferator-activated

receptor gamma coactivator
1-alpha

PHAS-1 (4E-BP1)¼ eukaryotic initiation factor
4E-binding protein

PI3K¼phosphatidylinositide 3-kinases
pmol/(s*Mill)¼picomoles/second/million cells

PPP¼pentose phosphate pathway
qRT-PCR¼ quantitative real-time–polymerase

chain reaction
RNA¼ ribonucleic acid
ROS¼ reactive oxygen species
Rot¼ rotenone
Ser¼ serine

SOD¼ superoxide dismutase
TCA¼ tricarboxylic acid

TFAM¼ transcription factor A,
mitochondrial

Tg¼ transgenic
TH¼T helper

Treg¼ regulatory T

METALLOPORPHYRIN-MEDIATED IMMUNE CELL QUIESCENCE 1915


