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Viral infection is one environmental factor that may contrib-
ute to the initiation of pancreatic b-cell destruction during the
development of autoimmune diabetes. Picornaviruses, such as
encephalomyocarditis virus (EMCV), induce a pro-inflamma-
tory response in islets leading to local production of cytokines,
such as IL-1, by resident islet leukocytes. Furthermore, IL-1 is
known to stimulate b-cell expression of iNOS and production
of the free radical nitric oxide. The purpose of this study was
to determine whether nitric oxide contributes to the b-cell
response to viral infection. We show that nitric oxide protects
b-cells against virally mediated lysis by limiting EMCV replica-
tion. This protection requires low micromolar, or iNOS-
derived, levels of nitric oxide. At these concentrations nitric ox-
ide inhibits the Krebs enzyme aconitase and complex IV of the
electron transport chain. Like nitric oxide, pharmacological in-
hibition of mitochondrial oxidative metabolism attenuates
EMCV-mediated b-cell lysis by inhibiting viral replication.
These findings provide novel evidence that cytokine signaling
in b-cells functions to limit viral replication and subsequent
b-cell lysis by attenuating mitochondrial oxidative metabolism
in a nitric oxide–dependent manner.

Autoimmune diabetes is characterized by selective destruc-
tion of insulin-secreting b-cells found in pancreatic islets (1).
Although genetic factors play a role in the development of this
disease, the low concordance rate among monozygotic twins
(40–60%) also supports a role for environmental factors as con-
tributors to disease development (2–4). Viral infection is one
environmental factor that has been associated with diabetes de-
velopment due, in part, to the ability of viruses to activate
innate immunity and inflammation during infection (5). Picor-
navirus family members, and enteroviruses in particular, have
received attention as potential environmental factors that con-
tribute to disease initiation because of their association with
type 1 diabetes development in human patients (6–8).
Although a direct causal relationship between enteroviral infec-
tion and type 1 diabetes development has yet to be demon-
strated, studies examining the pancreases from individuals with
recent-onset diabetes have found increased incidence of the
enteroviral genome and viral proteins relative to nondiabetic
control individuals (9). In addition, disease progression is more
rapid in individuals who test seropositive for enteroviruses (10).

Encephalomyocarditis virus (EMCV) is a mouse-tropic,
small, nonenveloped, positive-sense, single-stranded RNA
(1ssRNA) picornavirus that induces diabetes in select mouse
strains (11–13). EMCV rapidly activates pro-inflammatory sig-
naling cascades in macrophages, leading to the local release of
the inflammatory cytokines such as interleukin (IL)-1 (14). We
and others have shown that treating islets with IL-1 or activat-
ing resident macrophages to release IL-1 locally in islets results
in an inhibition of mitochondrial oxidative metabolism and in-
sulin secretion that is mediated by iNOS expression and the
production of micromolar levels of nitric oxide in b-cells (15–
19). The inhibitory actions of nitric oxide on b-cell function are
reversible (20–23), and the recovery of function correlates with
a number of protective actions that are stimulated by nitric ox-
ide in b-cells. Specifically, we have shown that nitric oxide acti-
vates base excision DNA repair (22), simulates a protective
unfolded protein response (24), and attenuates DNA damage
response–mediated b-cell apoptosis (20, 21).
Nitric oxide is known to have antiviral activities that include

inhibiting the replication of DNA (herpes simplex virus type 1
and vaccinia virus) and RNA (vesicular stomatitis virus) viruses,
including Coxsackievirus, a picornavirus similar to EMCV (25–
30). In addition, viral clearance is attenuated and mortality is
increased in mice lacking iNOS (29). We have shown that
EMCV replication is elevated inmice lacking the chemokine re-
ceptor CCR5, a cell surface receptor required for EMCV to
induce inflammatory gene expression in macrophages, such as
iNOS (14). These findings suggest that nitric oxide may func-
tion in a protective role within the context of viral infection.
In this study, we show that nitric oxide, either supplied exog-

enously with donor compounds or produced endogenously in
response to cytokine treatment, attenuates EMCV replication
and protectsb-cells against EMCV-mediated death. The antivi-
ral actions of nitric oxide do not require new gene expression
(transcription or translation) or the induction of ER stress and
are restricted to concentrations in the low micromolar range
(1–5 mM) or levels produced by b-cells expressing iNOS.
Although previous studies have implicated S-nitrosation of vi-
ral proteins as a mechanism of viral inhibition (31), we provide
evidence that nitric oxide protects b-cells from EMCV by in-
hibiting mitochondrial oxidative metabolism. Nitric oxide
inhibits the Krebs cycle at aconitase (destruction of the iron-
sulfur complex) and the electron transport chain at complex IV
(32–34). Consistent with mitochondrial metabolism as a target
of nitric oxide, we show that inhibition of mitochondrial* For correspondence: John A. Corbett, jcorbett@mcw.edu.

J. Biol. Chem. (2020) 295(49) 16655–16664 16655
© 2020 Stafford et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

ARTICLE

This is an Open Access article under the CC BY license.

https://orcid.org/0000-0002-0845-3480
https://orcid.org/0000-0002-0845-3480
https://orcid.org/0000-0002-1134-4664
mailto:jcorbett@mcw.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA120.014851&domain=pdf
http://creativecommons.org/licenses/by/4.0/


respiration attenuates EMCV replication and protects b-cells
from EMCV-mediated death. These findings support the inhi-
bition of mitochondrial oxidative metabolism as a novel mech-
anism by which nitric oxide attenuates EMCV replication and
protects b-cells from viral lysis.

Results

Nitric oxide attenuates EMCV-mediated b-cell death

To examine the role of nitric oxide in controlling b-cell via-
bility in response to viral infection, murine insulinoma MIN6
cells were infected for 18 h with EMCV (5 m.o.i.) in the pres-
ence of increasing concentrations of the nitric oxide donor
compound DETA/NO (t1/2 ;20 h). Nitric oxide donors were
used because many mouse insulinoma cell lines, such as MIN6
cells, do not express iNOS in response to cytokines (data not
shown). Also, iNOS expression in murine b-cells requires a
combination of IL-1 and IFN-g (35), and IFN-g is known to
have antiviral activities that could mask the antiviral actions of
nitric oxide. In a concentration-dependent manner DETA/NO
attenuates EMCV-mediated lysis of MIN6 cells (Fig. 1A). The
nitric oxide scavenger cPTIO attenuates the protective actions
of DETA/NO, supporting nitric oxide or nitric oxide–derived
products as the chemical species that protects b-cells from
EMCV-mediated lysis. The protective actions of DETA/NO

(150 mM) on EMCV-mediated cell lysis are time-dependent,
with maximal protection observed early in the treatment (12,
15 h) and this protection is lost following longer exposures (20
h or greater) (Fig. 1B).
We hypothesized that the loss of protection is because of

degradation of DETA/NO such that the concentration of nitric
oxide that is released falls below a threshold level, or a level that
is consistent with the amount of nitric oxide produced endoge-
nously by iNOS. This hypothesis was confirmed using a multi-
ple addition approach with a second nitric oxide donor DPTA/
NO (t1/2;3 h). As shown in Fig. 1C, the addition of DPTA/NO
during infection and every 6 h post infection provides almost
complete protection against EMCV-mediated MIN6 cell death
(Fig. 1, C and D). The protection afforded by nitric oxide is
decreased when DPTA/NO is added only during and 9 h post
infection, and nitric oxide is least effective when supplied only
at the time of infection (Fig. 1, C and D). These data suggest
that sustained production of nitric oxide in the lowmicromolar
(or iNOS-derived) range protects b-cells from EMCV and that
the protective actions are lost when nitric oxide is no longer
generated at this level.
Because nitric oxide is an effective inhibitor of caspase activ-

ity and apoptosis (36–38) and nitric oxide attenuates EMCV-
mediated MIN6 cell death, the effects of EMCV infection on
caspase activation were examined. Consistent with EMCV

Figure 1. Nitric oxide donors attenuate EMCV-mediated cell death. A, MIN6 cells (50,000/100ml medium) were infected with 5m.o.i. EMCV in the presence
of increasing concentrations of DETA/NO with or without the nitric oxide scavenging agent cPTIO and cell death was measured by STYOX fluorescence 18 h
post infection. B, MIN6 cells were infected with 5 m.o.i. EMCV with or without DETA/NO (150 mM) and cell death wasmeasured by SYTOX fluorescence 12–24 h
post infection. C, MIN6 cells were infected with 5m.o.i. EMCVwith or without DPTA/NO (50mM) added at the time of infection and every 6 or 9 h post infection,
as indicated. Cell death was measured by SYTOX fluorescence 18 h post infection. D, representative fluorescent images are shown for each condition in panel
C. E, MIN6 cells (200,000/400 ml medium, caspase activity) (50,000/100 ml medium, cell death) were treated for 36 h with 1 m.o.i. EMCV or camptothecin
(25 mM). Cells were lysed and caspase 3/7 activity was assessed at 24 h and cell death was measured by SYTOX fluorescence at 36 h. Results are the average6
S.E. of three independent experiments (A–C, E) or representative of three independent experiments (D). Statistically significant differences are indicated
(*, p, 0.05).
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being a lytic virus that encodes proteins that inhibit apoptosis
(13, 39), infection of MIN6 cells fails to stimulate caspase 3 or 7
activity (Fig. 1E). As a control for apoptosis induction, we show
that the topoisomerase inhibitor camptothecin stimulates ro-
bust caspase 3 and 7 activity in MIN6 cells. Overall, these find-
ings are consistent with EMCV being a lytic virus that induces
cell necrosis and indicate that nitric oxide protects these cells
by a mechanism that differs from its ability to attenuate cas-
pase-dependent insulinoma cell death.

Role of new gene transcription and type I IFN production in
protection from EMCV-mediated b-cell lysis

The classic cellular response to viral infection is the induc-
tion of type I interferons (IFNs), which then induce the expres-
sion of .500 antiviral genes (40, 41). Consistent with the pro-
tective actions of type I IFN, EMCV-mediated MIN6 cell death
is attenuated in a concentration-dependent manner by IFN-b
(Fig. 2A); however, EMCV fails to stimulate expression of type I
IFN (Fig. 2B) or the expression of MX2 or viperin, two inter-
feron-stimulated genes (ISGs) (Fig. 2C). The absence of type I
IFN expression, even though EMCV mRNA accumulates in
infected cells (Fig. 2B), is consistent with the suppression of
interferon expression by the EMCV-encoded Leader protein,
which circumvents host antiviral defenses by impairing traf-
ficking between the nucleus and cytoplasm (42–44). Further,
the type I IFN response is not activated under conditions in
which nitric oxide affords protection against EMCV, as mRNA
expression of IFN-b and the interferon-stimulated gene MX2
are not induced in MIN6 cells infected with EMCV in the pres-

ence or absence of 150 mM DETA/NO (Fig. 2D). As a positive
control for these studies, MIN6 cells were transfected with the
synthetic dsRNA compound polyinosinic:polycytidylic acid
(polyI:C), which induces expression of both IFN-b and ISGs
(Fig. 2, B–D) (45). The protective actions of nitric oxide also do
not require de novo gene expression as the host transcription
inhibitor actinomycin D does not modify the protective actions
of DETA/NO on EMCV-mediated MIN6 lysis (Fig. 2E). These
findings disassociate de novo gene expression and the induction
of classical type I antiviral IFN responses from the protective
actions of nitric oxide on EMCV-mediated b-cell lysis.

EMCV replication is attenuated in the presence of nitric oxide

We have shown that the chemokine receptor CCR5 is
required for macrophage production of nitric oxide in response
to EMCV infection (14), and in mice deficient in CCR5, EMCV
replicates to levels that are 11-fold higher than those in WT
control mice (14). These findings suggest that nitric oxide may
attenuate EMCV replication in b-cells. Consistent with this hy-
pothesis, we show that DETA/NO attenuates EMCV mRNA
accumulation in MIN6 cells in a nitric oxide–dependent man-
ner as scavenging with cPTIO attenuates this response (Fig.
3A). Also, donor that has liberated its nitric oxide (spent donor)
does not inhibit EMCVmRNA accumulation (Fig. 3A). The in-
hibitory actions of nitric oxide occur at all time points exam-
ined between 6 and 15 h post infection (Fig. 3, A and B). This
nitric oxide donor also attenuates the accumulation of RNA-
dependent RNA polymerase (3Dpol) and three subunits of the
viral capsid in a concentration-dependent manner as measured

Figure 2. The protective actions of nitric oxide are independent of IFN expression or new gene transcription. A, MIN6 cells (50,000/100 ml medium)
were infected with 5 m.o.i. EMCV and treated with increasing concentrations of IFN-b and cell death wasmeasured by SYTOX fluorescence 18 h post infection.
B and C, MIN6 cells (200,000/400 ml medium) were treated with 1 m.o.i. EMCV, intracellular polyI:C (5 mg/ml), lipofectamine vehicle, or extracellular polyI:C (50
mg/ml) for up to 24 h, and EMCV and IFN-bmRNA (B) and ISG mRNA (C) accumulation were determined by qRT-PCR and agarose gel electrophoresis. D, MIN6
cells were infected with EMCV (5 m.o.i.) in the presence or absence of DETA/NO (150 mM) or were treated with polyI:C (5 mg/ml) complexed with lipofectamine
for 12 h and IFN-b and MX2 mRNA accumulation was determined by qRT-PCR. E, MIN6 cells (50,000/100 ml medium, in triplicate) were infected with 5 m.o.i.
EMCV and treated with DETA/NO (150 mM) or actinomycin-D (5 mg/ml), and cell death was measured by STYOX fluorescence 18 h post infection. Results are
representative (B) or the average6 S.E. of three independent experiments (C–E). Statistically significant differences are indicated (*, p, 0.05).
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by Western blot analysis at 18 h post infection (Fig. 3C). Spent
donor has no effect, whereas cPTIO attenuates the inhibitory
actions of nitric oxide on EMCV 3Dpol and capsid protein
expression (Fig. 3C). Consistent with the inhibition of EMCV
mRNA and protein expression, DETA/NO treatment leads to a
3-log decrease in the formation of infectious virions as deter-
mined by plaque assay (Fig. 3D). These data support the inhibi-
tion of viral replication as onemechanism by which nitric oxide
limits EMCV-mediatedMIN6 cell lysis.

The antiviral actions of nitric oxide are not mediated by the
induction of ER stress

Nitric oxide stimulates unfolded protein response (UPR)
activation through the inhibition of the calcium ion pump
sarco(endo)plasmic reticulum Ca21-ATPase (SERCA). Once
activated, the UPR transducer protein kinase R-like ER kinase
(PERK) phosphorylates and inhibits eukaryotic initiation factor
(eIF)2a, thereby inhibiting cap-dependent translation (46–48).
We used the SERCA inhibitor thapsigargin to examine whether
UPR activation contributes to the inhibitory actions of nitric
oxide on EMCV replication. As shown in Fig. 4A, both DETA/
NO and thapsigargin stimulate ER stress activation, as evi-
denced by CHOP accumulation; however, only nitric oxide
inhibits the accumulation of EMCV polymerase expression
(Fig. 4A). Consistent with these findings, thapsigargin does not
modify EMCV-mediated MIN6 cell lysis or EMCV titer
whereas nitric oxide attenuates the loss of cell viability (Fig. 4B)
and decreases viral titer (Fig. 4C). Even though UPR activation
results in an attenuation in translation, our findings are consist-
ent with a requirement for EMCV to use host translational ma-

chinery through an internal ribosomal entry site (IRES) that is
cap-independent (13, 49). These studies also indicate that the
inhibitory actions of nitric oxide on EMCV replication are
mediated by pathways independent of UPR activation.

Inhibition of oxidative metabolism protects b-cells from
EMCV

Nitric oxide is known to target and inhibit mitochondrial
metabolism, through inhibition of aconitase and complexes I
and IV of the electron transport chain (32–34, 50). The net
effect of this inhibition of mitochondrial oxidative metabolism
is a decrease in islet ATP levels (51). In fact, it is through the in-
hibition of oxidative metabolism that nitric oxide mediates the
inhibitory actions of cytokines on insulin secretion from islets
of all species examined to date (17).
The inhibition of oxidative metabolism also appears to be the

mechanisms by which nitric oxide attenuates EMCV replica-
tion in b-cells. Like nitric oxide (DETA/NO, 150 mM), the elec-
tron transport chain complex I inhibitor rotenone (75 nM)
decreases the level of ATP and attenuates the loss in the viabil-
ity of MIN6 cells infected with EMCV (5A and B). In a similar
concentration-dependent manner rotenone attenuates EMCV
mRNA accumulation and 3Dpol expression (Fig. 5, C and D).
Consistent with the actions of nitric oxide and rotenone, the
complex III inhibitor antimycin A and the uncoupling agent
FCCP also attenuate EMCV mRNA and protein accumulation
(Fig. 5, E–H). These findings support the inhibition of mito-
chondrial oxidative metabolism as onemechanism by which ni-
tric oxide attenuates EMCV replication.

Figure 3. EMCV replication is attenuated in the presence of nitric oxide. A and B, EMCV mRNA (VP1) accumulation was determined by qRT-PCR in MIN6
cells (200,000/400ml medium) infected with 5m.o.i. EMCV for 12 h with or without DETA/NO, cPTIO, or spent donor controls (A), or the time-dependent effects
of DETA/NO were examined (B). C and D, accumulation of viral polymerase (3Dpol) and capsid protein was determined byWestern blotting 18 h post infection
(C) and EMCV titers were determined from the supernatant by plaque assay at 24 h post infection (D). Results are the average6 S.E. of three to five independ-
ent experiments (A, B, andD) or representative (C) of three independent experiments. Statistically significant differences are indicated (*, p, 0.05).

Nitric oxide limits EMCV replication in b-cells
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Nitric oxide and rotenone attenuate EMCV replication in islet
cells

Consistent with the inhibition of viral replication in insuli-
noma cell lines, nitric oxide and rotenone attenuate EMCV rep-
lication in mouse islets. For these studies, islets isolated from
male and female C57BL/6 mice were dispersed into individual
cells and treated with DETA/NO (Fig. 6A) or rotenone (Fig. 6B)
prior to EMCV infection. In a concentration-dependent man-
ner, both DETA/NO and rotenone attenuate the accumulation
of EMCV mRNA, indicating that the inhibition of mitochon-
drial oxidation attenuates the replication of EMCV in islet cells.
Because b-cells produce micromolar levels of nitric oxide in

response to cytokines (35), we examined whether the endoge-
nous production of nitric oxide would limit EMCV replication

in islet cells. Complicating these studies is the requirement of
IFN-g, a cytokine known to have antiviral activity, along with
IL-1b to induce expression of iNOS and production of nitric
oxide by b-cells. To explore the role of endogenous production
of nitric oxide in viral replication, islets isolated from DBA/2J
mice (a strain that is susceptible to EMCV-induced diabetes
(11, 12)) were treated with IL-1b and IFN-g and then infected
with 5 m.o.i. EMCV in the presence or absence of an iNOS in-
hibitor L-NMMA. In response to cytokine treatment DBA/2J
mouse islet cells produce nitric oxide and this is attenuated by
L-NMMA (Fig. 6C). As expected, treatment with the antiviral
cytokine IFN-g inhibits EMCV replication even in the presence
of L-NMMA; however, L-NMMA attenuates the inhibitory
actions of IL-1 1 IFN-g on EMCV replication indicating that

Figure 4. The protective actions of nitric oxide against EMCV are not mediated by the induction of ER stress. A–C, MIN6 cells (200,000/400 ml medium)
were infected with EMCV (5m.o.i.) and were treated with DETA/NO (150 mM) or increasing concentrations of thapsigargin for 18 h. Accumulation of EMCV pro-
tein (3Dpol) and ER stress markers (CHOP) were determined by Western blotting (A), EMCV titers were determined from the supernatant by plaque assay (B),
and cell deathwasmeasured via SYTOX assay (C). Results are the average6 S.E. of three independent experiments (B and C) or representative (A) of three inde-
pendent experiments. Statistically significant differences are indicated (*, p, 0.05).

Figure 5. Inhibition of mitochondrial oxidative metabolism attenuates EMCV replication in b-cells. A, cellular levels of ATP were determined by HPLC
analysis fromMIN6 cells treated for 2 h with DETA/NO (150 mM) or rotenone (75 nM). ATP levels were normalized to total protein concentrations. B, the viability
of MIN6 cells (50,000 cells/100 ml medium) infected with EMCV (5 m.o.i.) and treated with increasing concentrations of rotenone for 18 h was measured via
SYTOX fluorescence. C, E, and G, accumulation of EMCVmRNA in infected MIN6 cells (5 m.o.i.) was measured by qRT-PCR 12 h post infection. D, F, and H, accu-
mulation of EMCV protein wasmeasured by Western blotting 24 h post infection. Results are the average6 S.E. of two to five independent experiments (A–C,
E, G) or representative (D, F, H) of three independent experiments. Statistically significant differences are indicated (*, p, 0.05).
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nitric oxide also has antiviral properties in b-cells (Fig. 6D).
These findings show that nitric oxide, when produced endoge-
nously by b-cells following cytokine stimulation, functions as
an antiviral agent to limit EMCV replication.

Discussion

It has long been known that inhibitory actions of cytokines
on insulin secretion are mediated by b-cell production of nitric
oxide (15–18). We and others have shown that inhibitors of
NOS prevent cytokine-induced inhibition of insulin secretion
from rodent and human islets (52–54). The mechanism by
which nitric oxide attenuates insulin secretion is via the inhibi-
tion of the Krebs cycle enzyme aconitase and complex IV of the
electron transport chain (32–34, 50, 51) resulting in a decrease
in b-cell ATP levels (32, 51). Because increases in ATP (ATP/
ADP ratio) are required to close K1

ATP channels for glucose-
stimulated insulin secretion (55), it is this decrease in ATP that
results from the inhibition of mitochondrial respiration that is
the primary mechanism by which nitric oxide impairs insulin
secretion by b-cells. Nitric oxide also induces DNA damage,
and it is this combination of DNA damage and impaired mito-
chondrial oxidation that is believed to be responsible for the
loss of b-cell viability in response to cytokine treatment (19, 35,
56). Whether nitric oxide reduces b-cell viability by necrosis or
apoptosis has been controversial (53), however, nitric oxide is
an effective inhibitor of apoptotic signaling and caspase activa-
tion (20, 21, 36–38). Further, it is challenging to induce apopto-
sis in primary b-cells by anymeans (57, 58).
Many studies have shown that nitric oxide mediates the in-

hibitory actions of cytokines on insulin secretion and these
actions have been interpreted as being damaging to b-cells (22,

52, 53, 59). In this study, we provide evidence in support of the
contrasting view that b-cell production of nitric oxide in
response to cytokines functions in a physiologically relevant
protective role as part of a mechanism to limit viral replication
and b-cell lysis during infection. We show that nitric oxide is
an effective inhibitor of viral replication thereby protecting
b-cells from the rapidly lytic encephalomyocarditis virus. The
mechanism through which nitric oxide attenuates EMCV-
mediated b-cell lysis (Fig. 1) is distinct from classical antiviral
recognition, namely, the induction of type I IFNs (IFN-a and
IFN-b) and the expression of antiviral genes (40, 41). Although
dsRNA, produced as an intermediate during viral replication, is
recognized by host dsRNA sensors leading to the induction of
the type I IFN response (45, 60, 61), EMCV circumvents this
response by expressing the Leader protein. This protein inhib-
its cytosolic dsRNA sensor antiviral responses by binding to
and inhibiting Ran-GTPase and thereby preventing the nuclear
translocation of transcription factors required for IFN expres-
sion (42–44). We show that EMCV fails to stimulate type I IFN
production whether in the presence or absence of nitric oxide
(Fig. 2), and, consistent with these observations, inhibition of
host transcription using actinomycin D does not alter the pro-
tection afforded by nitric oxide against EMCV-mediatedMIN6
cell death (Fig. 2).
Nitric oxide has been characterized as an antiviral molecule

because of its ability to attenuate the replication of a variety of
DNA and RNA viruses, and, consistent with these findings, we
show that nitric oxide attenuates EMCV replication in insuli-
noma cells (Fig. 3) and primary mouse b-cells (Fig. 6). The first
step in EMCV replication upon entry of the (1)ssRNA genome
is translation of the viral polypeptide by host translational ma-
chinery (13). Although nitric oxide inhibits cap-dependent
translation by activating the UPR, chemical activators of the
UPR do not modify EMCV replication in MIN6 cells (Fig. 4).
These findings are consistent with the translation of EMCV
polypeptide through a cap-independent mechanism using an
internal ribosomal entry site (13, 49). Previous studies have
implicated S-nitrosation of viral proteins as a protectivemecha-
nism by which nitric oxide limits viral replication (31), however
this is not a likely mechanism of action in b-cells. When pro-
duced at iNOS-derived levels, nitric oxide is an inhibitor of mi-
tochondrial electron transport at complex IV and aconitase of
the Krebs cycle (32), and like the actions of nitric oxide, we
show that inhibitors of the electron transport chain and uncou-
plers of mitochondrial membrane potential attenuate EMCV
replication and virally mediated lysis of MIN6 cells (Fig. 5) and
mouse islets (Fig. 6). These findings support the inhibition of
mitochondrial respiration as the mechanism by which nitric
oxide attenuates EMCV replication. Viruses are known to
reprogram host cell metabolism to provide resources for repli-
cation, establish persistence, or evade or dampen antiviral
immune cell responses, and these metabolic changes vary
according to the needs of each virus (62). Enteroviruses have
been shown to alter host cell metabolism by enhancing the oxi-
dation of glutamine (63), and by inhibiting mitochondrial me-
tabolism, nitric oxide may prevent the anaplerotic utilization of
this critical metabolite and thus attenuate EMCV replication.

Figure 6. Nitric oxide attenuates EMCV replication in mouse islets. A and
B, islets were isolated from C57BL/6 mice and dispersed into individual cells
prior to EMCV infection (5 m.o.i.) in the presence of DETA/NO (A) or rotenone
(B). EMCVmRNA accumulation wasmeasured by qRT-PCR 12 h post infection.
Intact DBA/2J islets were treated with IL-1b (10 units/ml) and IFN-g (15 units/
ml) in the presence or absence of L-NMMA (2 mM) and infected with EMCV (5
m.o.i.). C and D, at 24 h post infection, nitrite (C) and EMCV mRNA (D) were
measured by Griess assay and qRT-PCR, respectively. Results are the average
6 S.E. of three independent experiments. Statistically significant differences
are indicated (*, p, 0.05).
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Cytokines have long been thought to contribute to b-cell fail-
ure during the development of autoimmune diabetes because
of their ability to limit oxidative metabolism, inhibit insulin
secretion, and decrease b-cell viability. However, b-cells are a
terminally differentiated specialized cell type that has a limited
capacity to proliferate, yet they are critical for organismal sur-
vival as the only cell type that produces insulin (64). In this con-
text, it is important to consider the possibility that the response
of b-cells to cytokines serves a physiologically relevant func-
tion. b-cells are also the only islet endocrine cell that responds
to cytokines with the expression of iNOS and production of ni-
tric oxide (35, 65), further suggesting that nitric oxide functions
in a physiologically relevant manner. Although many studies
have attributed the inhibitory actions of cytokines to nitric ox-
ide–dependent decreases in aconitase activity and glucose oxi-
dation, these actions are reversible in rodent and human b-cells
(52–54, 59), again suggesting a physiological role for this
response. Based on data presented in this study and recent
work from our laboratory (20–23), we hypothesize that the
physiological response of b-cells to cytokines is not damaging
but instead functions as a protective response that limits dam-
age during infection. We have shown that one protective
response is the prevention of apoptosis (20), and now show that
nitric oxide inhibits viral replication and b-cell lysis in response
to infection with a virus from a family thought to contribute to
the initiation of autoimmune diabetes (6). The mechanisms re-
sponsible for this antiviral protection include inhibition of the
same pathway that controls insulin secretion in response to glu-
cose, the nitric oxide–dependent inhibition of mitochondrial
oxidative metabolism. We hypothesize that it is when this
b-cell response to cytokines fails, or is not effective at limiting
viral replication, that b-cell lysis occurs (66), initiating islet
inflammation and the potential release of antigens that could
contribute to the induction of autoimmunity directed against
b-cells.

Experimental Procedures

Materials and animals

Male and female C57BL/6J andDBA/2J mice were purchased
from The Jackson Laboratory (Bar Harbor, ME, USA) and
housed in the MCW Biomedical Resource Center. All animal
use and experimental procedures were approved by the Institu-
tional Animal Care and Use Committees at theMedical College
ofWisconsin.
MIN6 cells were obtained from the Washington University

Tissue Culture Support Center (St. Louis, MO, USA). L929 cell
lines and Eagle’s Minimum Essential Medium (EMEM) were
obtained from ATCC (Manassas, VA, USA). Dulbecco’s modi-
fied Eagle's medium (DMEM), Connaught Medical Research
Laboratories (CMRL) 1066 medium, fetal calf serum, horse se-
rum, L-glutamine, sodium pyruvate, penicillin, streptomycin,
and b-mercaptoethanol were purchased from Invitrogen.
Trypsin (0.05% in 0.53 mM EDTA) was purchased from Corn-
ing (Corning, NY, USA). Human recombinant IL-1b and mu-
rine IFN-g and IFN-b were purchased from PeproTech (Rocky
Hill, NJ, USA). Thapsigargin and the nitric oxide synthase in-
hibitor NG-monomethyl L-arginine (NMMA) were purchased

from Axxora (San Diego, CA, USA). Actinomycin-D, 2-
(carboxyphenyl)-4,5-dihydro-4,4,5,5-tetramethyl-1H-imidazolyl-
1-oxy-3-oxide monopotassium salt (cPTIO) and nitric oxide
donors (Z)-1-(N-(2-aminoethyl)-N-(2-ammonioethyl)amino)
diazen-1-ium-1,2-diolate (DETA/NO) and (Z)-1-(N-(3-
aminopropyl)-N-(3-ammoniopropyl)amino)diazen-1-ium-1,
2-diolate (DPTA/NO) were purchased from Cayman Chemi-
cal (Ann Arbor, MI, USA). Nitric oxide donor compounds
were dissolved in 10 mM NaOH prior to use. Polyinosinic:
polycytidylic acid (polyI:C) and rotenone were purchased
from Sigma. Antibodies and sources include mouse anti-
GAPDH (Invitrogen), mouse anti-CHOP (Cell Signaling
Technology), rabbit anti-iNOS (Cayman Chemical), mouse
anti-Mengo 3Dpol (Santa Cruz Biotechnology), rabbit anti-
Mengo capsid (a generous gift from Dr. Ann Palmenberg,
University of Wisconsin, Madison, WI, USA), and horserad-
ish-peroxidase (HRP)-conjugated donkey anti-mouse and
HRP-donkey anti-rabbit antibodies (Jackson ImmunoRe-
search Laboratories, West Grove, PA, USA).

Rodent islet isolation and cell culture

Islets from adult, male and female C57BL/6J or DBA/2J mice
were isolated and cultured as described previously (67, 68).
Where indicated, islets were dispersed into single cells by incu-
bation in 0.48 mM EDTA in PBS followed by disruption in 1
mg/ml trypsin in Ca21/Mg21-free Hank’s Balanced Salt Solu-
tion prior to experimentation (69). MIN6 cells were maintained
in DMEM containing 10% heat-inactivated fetal bovine serum,
L-glutamine, sodium pyruvate, penicillin, and streptomycin.
L929 cells were maintained in EMEM containing 10% heat-
inactivated horse serum. Both MIN6 and L929 cells were incu-
bated at 37°C under an atmosphere of 5% CO2 for at least 6 h
prior to the initiation of experiments. MIN6 and L929 cells
were removed from growth flasks by treatment with 0.05%
trypsin in 0.53 mM EDTA at 37°C for 5 min, washed twice, and
plated at the indicated concentrations.

EMCV propagation and infection

The B and D variants of EMCVwere a generous gift from Dr.
Ji-Won Yoon (University of Calgary, Calgary, Alberta, Canada)
and have been described previously (70). EMCV was propa-
gated in L929 cells, supernatants were clarified by centrifuga-
tion, and viral titers were determined by plaque assay. Cell
monolayers were infected by the indicated multiplicity of infec-
tion (m.o.i.) for 1 h at 37°C prior to washing and replacing of
media for continued culture for the indicated times. Insuli-
noma cells were infected with EMCV-B and mouse islet cells
were infected with EMCV-D.

Plaque assay

L929 cells were plated at 100,000 cells/ml in a 12-well tissue
culture-treated plate and 150 ml of serially diluted supernatant
was added to each well. Following a 30-min incubation at 37°C,
viral overlay media (1% carboxymethylcellulose, 5% FBS in
DMEM) was added to each well followed by continued culture
for 2 days. Wells were stained and fixed with crystal violet and
viral titer was calculated by counting plaques.
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Cell death assay

Cell death was determined using the SYTOX Green nucleic
acid stain (Invitrogen) as described previously (20), and fluores-
cent images of SYTOX staining were captured using a Nikon
TI-U invertedmicroscope.

Nitrite determination

Nitric oxide production was assessed by measuring the accu-
mulation of its stable metabolite nitrite in culture supernatant
using the Griess Assay (71).

Real time PCR

Total RNA was purified from cell lysates using the RNeasy
Mini Kit (Qiagen) according to manufacturer’s instructions.
DNase digestion was performed using Turbo DNA-free proce-
dure (Applied Biosystems) and first-strand cDNA synthesis
was performed using the oligo(dT) and reverse transcriptase
Superscript Preamplification System (Invitrogen) per manufac-
turer’s instructions. Quantitative real-time PCR was performed
using SsoFast Evagreen Supermix (Bio-Rad) and the Bio-Rad
CFX96 Real-Time detection system per manufacturer’s
instructions. Each sample was normalized to GAPDH (DCT)
and expressed as a -fold change relative to controls via the
DDCTmethod. Primers purchased from IntegratedDNATech-
nologies and sequences were as follows: 59-GACATCAA-
GAAGGTGGTGAAGC-39 and 59-TCCAGGGTTTCTTACT-
CCTTGG-39 for GAPDH; 59-GCACTGGGTGGAATGAGAC-
TATTG-39 and 59-TCTGAGGCATCAACTGACAGGTC-39
for IFN-b; 59-ACAGGGGTGAATACTTGGGC-39 and 59-
TGAAAGCCACCTTGTAATCCCT-39 for viperin; 59-GCTT-
TTAACCAGGACATCACTGC-39 and 59-AGTTTGGACTT-
GGTAGTTCTGTG-39 for MX2; 59-ACCTGCTTGGCCA-
TCCTTTC-39 and 59-CCGAATAAACTTCAGCAGATCACC-
39 for RNaseL; 59-GGAGTTGAGAATGCTGAGAG-39 and
59-TCCAGGGTTTCTTACTCCTTGG-39 for VP1.

Western blot analysis

Cells and islets were washed with PBS, lysed in Laemmli
buffer, proteins were separated by SDS gel electrophoresis, and
Western blot analysis was conducted as described previously
(72). The following dilutions of primary and secondary antibod-
ies were used: mouse anti-GAPDH, 1:10,000; mouse anti-
CHOP, rabbit anti-iNOS, and rabbit anti-Mengo, 1:1000;
mouse anti-3B7pol 1:500; donkey anti-mouse antibody-horse-
radish peroxidase and donkey anti-rabbit antibody-horseradish
peroxidase, 1:20,000. Immunoreactivity was detected using
chemiluminescence (73).

ATP measurement

Nucleotide levels (ATP) were quantified using HPLC as
described previously (74, 75). In brief, nucleotides were
extracted by perchloric acid precipitation and diluted in solvent
A (100 mM potassium phosphate and 4 mM tetrabutylammo-
nium bisulfate, pH 6.0, diluted with 20%methanol at 64:36, v/v)
and analyzed by HPLC using a SUPELCOSIL LC-18-T column
(3 mm, 150 3 4.6-mm internal diameter). Protein concentra-

tion was determined using the Thermo Scientific Pierce BCA
Protein Assay Kit from the extraction pellet. Nucleotides were
then normalized to total protein and expressed in nanomoles
permilligram of protein.

Statistics

Statistical comparisons between conditions were made using
a two-tailed unpaired t test or between groups using either one-
or two-way analysis of variance (ANOVA). Significant differen-
ces between groups were determined using the Tukey-Kramer
post hoc test or Dunnett’s multiple comparisons test. Statisti-
cally significant differences (p, 0.05) are indicated with an as-
terisk (*).

Data availability

All of the data are in themanuscript.

Acknowledgments—We thank Polly Hansen and Aaron Naatz for
expert technical assistance and helpful discussions.

Author contributions—J. D. S., Z. R. S., and J. A. C. conceptualiza-
tion; J. D. S., Z. R. S., C. T. Y., and J. A. C. data curation; J. D. S.,
Z. R. S., C. T. Y., and J. A. C. formal analysis; J. D. S. validation;
J. D. S. and J. A. C. investigation; J. D. S. visualization; J. D. S.,
C. T. Y., and J. A. C. methodology; J. D. S. and J. A. C. writing-origi-
nal draft; J. D. S., Z. R. S., C. T. Y., and J. A. C. writing-review and
editing; J. A. C. supervision; J. A. C. funding acquisition; J. A. C. pro-
ject administration.

Funding and additional information—This work was supported by
National Institutes of Health Grants DK-052194 and AI-44458 (to
J. A. C), American Heart Association Fellowship 17PRE3253000 (to
J. D. S.), National Institutes of Health Fellowship F30 DK-102363-
01A1, and NIGMS, National Institutes of Health, Training Grant
T32-GM080202 (to Z. R. S). This work was also supported by a gen-
erous gift from the Forest County Potawatomi Foundation. The
content is solely the responsibility of the authors and does not nec-
essarily represent the official views of the National Institutes of
Health.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: EMCV, encephalo-
myocarditis virus; ER, endoplasmic reticulum; m.o.i., multiplicity of
infection; ISG, interferon-stimulated genes; UPR, unfolded protein
response; SERCA, sarco(endo)plasmic reticulum Ca21-ATPase.

References

1. Gepts, W. (1965) Pathologic anatomy of the pancreas in juvenile diabetes
mellitus.Diabetes 14, 619–633 CrossRefMedline

2. Patterson, C. C., Dahlquist, G. G., Gyürüs, E., Green, A., Soltész, G., and
EURODIAB Study Group. (2009) Incidence trends for childhood type 1
diabetes in Europe during 1989-2003 and predicted new cases 2005-20: A
multicentre prospective registration study. Lancet 373, 2027–2033 Cross-
RefMedline

Nitric oxide limits EMCV replication in b-cells

16662 J. Biol. Chem. (2020) 295(49) 16655–16664

http://dx.doi.org/10.2337/diab.14.10.619
http://www.ncbi.nlm.nih.gov/pubmed/5318831
http://dx.doi.org/10.1016/S0140-6736(09)60568-7
http://dx.doi.org/10.1016/S0140-6736(09)60568-7
http://www.ncbi.nlm.nih.gov/pubmed/19481249


3. Patterson, C. C., Gyürüs, E., Rosenbauer, J., Cinek, O., Neu, A., Schober, E.,
Parslow, R. C., Joner, G., Svensson, J., Castell, C., Bingley, P. J., Schoenle, E.,
Jarosz-Chobot, P., Urbonaité, B., Rothe, U., et al. (2012) Trends in child-
hood type 1 diabetes incidence in Europe during 1989-2008: Evidence of
non-uniformity over time in rates of increase.Diabetologia 55, 2142–2147
CrossRefMedline

4. Redondo, M. J., Jeffrey, J., Fain, P. R., Eisenbarth, G. S., and Orban, T.
(2008) Concordance for islet autoimmunity among monozygotic twins.N.
Engl. J. Med. 359, 2849–2850 CrossRefMedline

5. Op de Beeck, A., and Eizirik, D. L. (2016) Viral infections in type 1 diabetes
mellitus—why the b cells? Nat. Rev. Endocrinol. 12, 263–273 CrossRef
Medline

6. Yeung,W. C., Rawlinson,W. D., andCraig,M. E. (2011) Enterovirus infec-
tion and type 1 diabetes mellitus: Systematic review and meta-analysis of
observational molecular studies. BMJ 342, d35 CrossRefMedline

7. Honkanen, H., Oikarinen, S., Nurminen, N., Laitinen, O. H., Huhtala, H.,
Lehtonen, J., Ruokoranta, T., Hankaniemi, M. M., Lecouturier, V., Al-
mond, J. W., Tauriainen, S., Simell, O., Ilonen, J., Veijola, R., Viskari, H., et
al. (2017) Detection of enteroviruses in stools precedes islet autoimmunity
by several months: Possible evidence for slowly operating mechanisms in
virus-induced autoimmunity.Diabetologia 60, 424–431 CrossRefMedline

8. Richardson, S. J., and Morgan, N. G. (2018) Enteroviral infections in the
pathogenesis of type 1 diabetes: New insights for therapeutic intervention.
Curr. Opin. Pharmacol. 43, 11–19 CrossRefMedline

9. Dunne, J. L., Richardson, S. J., Atkinson, M. A., Craig, M. E., Dahl-
Jørgensen, K., Flodström-Tullberg, M., Hyöty, H., Insel, R. A., Lernmark,
A., Lloyd, R. E., Morgan, N. G., and Pugliese, A. (2019) Rationale for enter-
oviral vaccination and antiviral therapies in human type 1 diabetes.Diabe-
tologia 62, 744–753 CrossRefMedline

10. Stene, L. C., Oikarinen, S., Hyöty, H., Barriga, K. J., Norris, J. M., Klingen-
smith, G., Hutton, J. C., Erlich, H. A., Eisenbarth, G. S., and Rewers, M.
(2010) Enterovirus infection and progression from islet autoimmunity to
type 1 diabetes: The Diabetes and Autoimmunity Study in the Young
(DAISY).Diabetes 59, 3174–3180 CrossRefMedline

11. Kang, Y., and Yoon, J. W. (1993) A genetically determined host factor con-
trolling susceptibility to encephalomyocarditis virus-induced diabetes in
mice. J. Gen. Virol. 74, 1207–1213 CrossRefMedline

12. Hirasawa, K., Jun, H. S., Maeda, K., Kawaguchi, Y., Itagaki, S., Mikami, T.,
Baek, H. S., Doi, K., and Yoon, J. W. (1997) Possible role of macrophage-
derived soluble mediators in the pathogenesis of encephalomyocarditis vi-
rus-induced diabetes inmice. J. Virol. 71, 4024–4031 CrossRefMedline

13. Carocci, M., and Bakkali-Kassimi, L. (2012) The encephalomyocarditis vi-
rus.Virulence 3, 351–367 CrossRefMedline

14. Christmann, B. S., Moran, J. M., McGraw, J. A., Buller, R. M., and Corbett,
J. A. (2011) Ccr5 regulates inflammatory gene expression in response to
encephalomyocarditis virus infection. Am. J. Pathol. 179, 2941–2951
CrossRefMedline

15. Mandrup-Poulsen, T., Bendtzen, K., Nielsen, J. H., Bendixen, G., and
Nerup, J. (1985) Cytokines cause functional and structural damage to iso-
lated islets of Langerhans.Allergy 40, 424–429 CrossRefMedline

16. Bendtzen, K., Mandrup-Poulsen, T., Nerup, J., Nielsen, J. H., Dinarello,
C. A., and Svenson,M. (1986) Cytotoxicity of human pI 7 interleukin-1 for
pancreatic islets of Langerhans. Science 232, 1545–1547 CrossRefMedline

17. Padgett, L. E., Broniowska, K. A., Hansen, P. A., Corbett, J. A., and Tse,
H. M. (2013) The role of reactive oxygen species and proinflammatory
cytokines in type 1 diabetes pathogenesis. Ann. N. Y. Acad. Sci. 1281, 16–
35 CrossRefMedline

18. Broniowska, K. A., Oleson, B. J., and Corbett, J. A. (2014) b-cell responses
to nitric oxide.Vitam. Horm. 95, 299–322 CrossRefMedline

19. Corbett, J. A., andMcDaniel, M. L. (1995) Intraislet release of interleukin 1
inhibits beta cell function by inducing beta cell expression of inducible ni-
tric oxide synthase. J. Exp. Med. 181, 559–568 CrossRefMedline

20. Oleson, B. J., Broniowska, K. A., Naatz, A., Hogg, N., Tarakanova, V. L.,
and Corbett, J. A. (2016) Nitric oxide suppressesb-cell apoptosis by inhibi-
ting the DNA damage response. Mol. Cell Biol. 36, 2067–2077 CrossRef
Medline

21. Oleson, B. J., Broniowska, K. A., Yeo, C. T., Flancher, M., Naatz, A., Hogg,
N., Tarakanova, V. L., and Corbett, J. A. (2019) The role of metabolic flexi-

bility in the regulation of the DNA damage response by nitric oxide. Mol.
Cell Biol. 39, e00153-19 CrossRefMedline

22. Hughes, K. J., Meares, G. P., Chambers, K. T., and Corbett, J. A. (2009)
Repair of nitric oxide-damaged DNA in beta-cells requires JNK-depend-
ent GADD45a expression. J. Biol. Chem. 284, 27402–27408 CrossRef
Medline

23. Kaufman, B. A., Li, C., and Soleimanpour, S. A. (2015)Mitochondrial regu-
lation of b-cell function: maintaining the momentum for insulin release.
Mol. AspectsMed. 42, 91–104 CrossRefMedline

24. Chambers, K. T., Unverferth, J. A., Weber, S. M., Wek, R. C., Urano, F.,
and Corbett, J. A. (2008) The role of nitric oxide and the unfolded protein
response in cytokine-induced beta-cell death. Diabetes 57, 124–132
CrossRefMedline

25. Croen, K. D. (1993) Evidence for antiviral effect of nitric oxide. Inhibition
of herpes simplex virus type 1 replication. J. Clin. Invest. 91, 2446–2452
CrossRefMedline

26. Sanders, S. P., Siekierski, E. S., Porter, J. D., Richards, S. M., and Proud, D.
(1998) Nitric oxide inhibits rhinovirus-induced cytokine production and
viral replication in a human respiratory epithelial cell line. J. Virol. 72,
934–942CrossRefMedline

27. Mannick, J. B. (1995) The antiviral role of nitric oxide. Res. Immunol. 146,
693–697CrossRefMedline

28. Karupiah, G., Xie, Q. W., Buller, R. M., Nathan, C., Duarte, C., and Mac-
Micking, J. D. (1993) Inhibition of viral replication by interferon-gamma-
induced nitric oxide synthase. Science 261, 1445–1448 CrossRefMedline

29. Flodström, M., Horwitz, M. S., Maday, A., Balakrishna, D., Rodriguez, E.,
and Sarvetnick, N. (2001) A critical role for inducible nitric oxide synthase
in host survival following coxsackievirus B4 infection. Virology 281, 205–
215 CrossRefMedline

30. Zaragoza, C., Ocampo, C. J., Saura,M., Bao, C., Leppo,M., Lafond-Walker,
A., Thiemann, D. R., Hruban, R., and Lowenstein, C. J. (1999) Inducible ni-
tric oxide synthase protection against coxsackievirus pancreatitis. J. Immu-
nol. 163, 5497–5504Medline

31. Saura, M., Zaragoza, C., McMillan, A., Quick, R. A., Hohenadl, C., Lowen-
stein, J. M., and Lowenstein, C. J. (1999) An antiviral mechanism of nitric
oxide: Inhibition of a viral protease. Immunity 10, 21–28 CrossRef
Medline

32. Corbett, J. A., Wang, J. L., Sweetland,M. A., Lancaster, J. R., Jr., andMcDa-
niel, M. L. (1992) Interleukin 1 beta induces the formation of nitric oxide
by beta-cells purified from rodent islets of Langerhans. Evidence for the
beta-cell as a source and site of action of nitric oxide. J. Clin. Invest. 90,
2384–2391 CrossRefMedline

33. Brown, G. C., and Cooper, C. E. (1994)Nanomolar concentrations of nitric
oxide reversibly inhibit synaptosomal respiration by competing with oxy-
gen at cytochrome oxidase. FEBS Lett. 356, 295–298CrossRefMedline

34. Cleeter, M. W., Cooper, J. M., Darley-Usmar, V. M., Moncada, S., and
Schapira, A. H. (1994) Reversible inhibition of cytochrome c oxidase, the
terminal enzyme of the mitochondrial respiratory chain, by nitric oxide.
Implications for neurodegenerative diseases. FEBS Lett. 345, 50–54 Cross-
RefMedline

35. Corbett, J. A., Sweetland,M. A.,Wang, J. L., Lancaster, J. R., Jr., andMcDa-
niel, M. L. (1993) Nitric oxide mediates cytokine-induced inhibition of in-
sulin secretion by human islets of Langerhans. Proc. Natl. Acad. Sci. U. S.
A. 90, 1731–1735 CrossRefMedline

36. Kim, Y. M., Talanian, R. V., and Billiar, T. R. (1997) Nitric oxide inhibits
apoptosis by preventing increases in caspase-3-like activity via two distinct
mechanisms. J. Biol. Chem. 272, 31138–31148 CrossRefMedline

37. Li, J., Billiar, T. R., Talanian, R. V., and Kim, Y. M. (1997) Nitric oxide
reversibly inhibits sevenmembers of the caspase family via S-nitrosylation.
Biochem. Biophys. Res. Commun. 240, 419–424 CrossRefMedline

38. Mohr, S., Zech, B., Lapetina, E. G., and Brüne, B. (1997) Inhibition of cas-
pase-3 by S-nitrosation and oxidation caused by nitric oxide. Biochem. Bio-
phys. Res. Commun. 238, 387–391CrossRefMedline

39. Romanova, L. I., Lidsky, P. V., Kolesnikova, M. S., Fominykh, K. V., Gmyl,
A. P., Sheval, E. V., Hato, S. V., van Kuppeveld, F. J., and Agol, V. I. (2009)
Antiapoptotic activity of the cardiovirus leader protein, a viral “security”
protein. J. Virol. 83, 7273–7284 CrossRefMedline

Nitric oxide limits EMCV replication in b-cells

J. Biol. Chem. (2020) 295(49) 16655–16664 16663

http://dx.doi.org/10.1007/s00125-012-2571-8
http://www.ncbi.nlm.nih.gov/pubmed/22638547
http://dx.doi.org/10.1056/NEJMc0805398
http://www.ncbi.nlm.nih.gov/pubmed/19109586
http://dx.doi.org/10.1038/nrendo.2016.30
http://www.ncbi.nlm.nih.gov/pubmed/27020257
http://dx.doi.org/10.1136/bmj.d35
http://www.ncbi.nlm.nih.gov/pubmed/21292721
http://dx.doi.org/10.1007/s00125-016-4177-z
http://www.ncbi.nlm.nih.gov/pubmed/28070615
http://dx.doi.org/10.1016/j.coph.2018.07.006
http://www.ncbi.nlm.nih.gov/pubmed/30064099
http://dx.doi.org/10.1007/s00125-019-4811-7
http://www.ncbi.nlm.nih.gov/pubmed/30675626
http://dx.doi.org/10.2337/db10-0866
http://www.ncbi.nlm.nih.gov/pubmed/20858685
http://dx.doi.org/10.1099/0022-1317-74-6-1207
http://www.ncbi.nlm.nih.gov/pubmed/8389806
http://dx.doi.org/10.1128/JVI.71.5.4024-4031.1997
http://www.ncbi.nlm.nih.gov/pubmed/9094680
http://dx.doi.org/10.4161/viru.20573
http://www.ncbi.nlm.nih.gov/pubmed/22722247
http://dx.doi.org/10.1016/j.ajpath.2011.08.012
http://www.ncbi.nlm.nih.gov/pubmed/22001348
http://dx.doi.org/10.1111/j.1398-9995.1985.tb02681.x
http://www.ncbi.nlm.nih.gov/pubmed/3901813
http://dx.doi.org/10.1126/science.3086977
http://www.ncbi.nlm.nih.gov/pubmed/3086977
http://dx.doi.org/10.1111/j.1749-6632.2012.06826.x
http://www.ncbi.nlm.nih.gov/pubmed/23323860
http://dx.doi.org/10.1016/B978-0-12-800174-5.00012-0
http://www.ncbi.nlm.nih.gov/pubmed/24559923
http://dx.doi.org/10.1084/jem.181.2.559
http://www.ncbi.nlm.nih.gov/pubmed/7530759
http://dx.doi.org/10.1128/MCB.00262-16
http://www.ncbi.nlm.nih.gov/pubmed/27185882
http://dx.doi.org/10.1128/MCB.00153-19
http://www.ncbi.nlm.nih.gov/pubmed/31235477
http://dx.doi.org/10.1074/jbc.M109.046912
http://www.ncbi.nlm.nih.gov/pubmed/19648647
http://dx.doi.org/10.1016/j.mam.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25659350
http://dx.doi.org/10.2337/db07-0944
http://www.ncbi.nlm.nih.gov/pubmed/17928398
http://dx.doi.org/10.1172/JCI116479
http://www.ncbi.nlm.nih.gov/pubmed/8390481
http://dx.doi.org/10.1128/JVI.72.2.934-942.1998
http://www.ncbi.nlm.nih.gov/pubmed/9444985
http://dx.doi.org/10.1016/0923-2494(96)84920-0
http://www.ncbi.nlm.nih.gov/pubmed/8852613
http://dx.doi.org/10.1126/science.7690156
http://www.ncbi.nlm.nih.gov/pubmed/7690156
http://dx.doi.org/10.1006/viro.2000.0801
http://www.ncbi.nlm.nih.gov/pubmed/11277693
http://www.ncbi.nlm.nih.gov/pubmed/10553076
http://dx.doi.org/10.1016/S1074-7613(00)80003-5
http://www.ncbi.nlm.nih.gov/pubmed/10023767
http://dx.doi.org/10.1172/JCI116129
http://www.ncbi.nlm.nih.gov/pubmed/1334975
http://dx.doi.org/10.1016/0014-5793(94)01290-3
http://www.ncbi.nlm.nih.gov/pubmed/7805858
http://dx.doi.org/10.1016/0014-5793(94)00424-2
http://dx.doi.org/10.1016/0014-5793(94)00424-2
http://www.ncbi.nlm.nih.gov/pubmed/8194600
http://dx.doi.org/10.1073/pnas.90.5.1731
http://www.ncbi.nlm.nih.gov/pubmed/8383325
http://dx.doi.org/10.1074/jbc.272.49.31138
http://www.ncbi.nlm.nih.gov/pubmed/9388267
http://dx.doi.org/10.1006/bbrc.1997.7672
http://www.ncbi.nlm.nih.gov/pubmed/9388494
http://dx.doi.org/10.1006/bbrc.1997.7304
http://www.ncbi.nlm.nih.gov/pubmed/9299518
http://dx.doi.org/10.1128/JVI.00467-09
http://www.ncbi.nlm.nih.gov/pubmed/19420082


40. Stetson, D. B., andMedzhitov, R. (2006) Type I interferons in host defense.
Immunity 25, 373–381 CrossRefMedline

41. Sadler, A. J., andWilliams, B. R. (2008) Interferon-inducible antiviral effec-
tors.Nat. Rev. Immunol. 8, 559–568 CrossRefMedline

42. Hato, S. V., Ricour, C., Schulte, B. M., Lanke, K. H., de Bruijni, M., Zoll, J.,
Melchers, W. J., Michiels, T., and van Kuppeveld, F. J. (2007) The mengo-
virus leader protein blocks interferon-alpha/beta gene transcription and
inhibits activation of interferon regulatory factor 3. Cell Microbiol. 9,
2921–2930 CrossRefMedline

43. Lidsky, P. V., Hato, S., Bardina, M. V., Aminev, A. G., Palmenberg, A. C.,
Sheval, E. V., Polyakov, V. Y., van Kuppeveld, F. J., and Agol, V. I. (2006)
Nucleocytoplasmic traffic disorder induced by cardioviruses. J. Virol. 80,
2705–2717 CrossRefMedline

44. Porter, F. W., Bochkov, Y. A., Albee, A. J., Wiese, C., and Palmenberg,
A. C. (2006) A picornavirus protein interacts with Ran-GTPase and dis-
rupts nucleocytoplasmic transport. Proc.Natl. Acad. Sci. U. S. A. 103,
12417–12422 CrossRefMedline

45. Shaheen, Z. R., Stafford, J. D., Voss, M. G., Oleson, B. J., Stancill, J. S., and
Corbett, J. A. (2020) The location of sensing determines the pancreatic
b-cell response to the viral mimetic dsRNA. J. Biol. Chem. 295, 2385–2397
CrossRefMedline

46. Oyadomari, S., Takeda, K., Takiguchi, M., Gotoh, T., Matsumoto, M.,
Wada, I., Akira, S., Araki, E., andMori, M. (2001) Nitric oxide-induced ap-
optosis in pancreatic b cells is mediated by the endoplasmic reticulum
stress pathway. Proc. Natl. Acad. Sci. U. S. A. 98, 10845–10850 CrossRef
Medline

47. Viner, R. I., Ferrington, D. A., Williams, T. D., Bigelow, D. J., and Schö-
neich, C. (1999) Protein modification during biological aging: Selective ty-
rosine nitration of the SERCA2a isoform of the sarcoplasmic reticulum
Ca21-ATPase in skeletal muscle. Biochem. J. 340, 657–669 Medline

48. Meares, G. P., Fontanilla, D., Broniowska, K. A., Andreone, T., Lancaster,
J. R., Jr., and Corbett, J. A. (2013) Differential responses of pancreatic
b-cells to ROS and RNS. Am. J. Physiol. Endocrinol. Metab. 304, E614–
E622 CrossRefMedline

49. Duke, G. M., Hoffman, M. A., and Palmenberg, A. C. (1992) Sequence and
structural elements that contribute to efficient encephalomyocarditis virus
RNA translation. J. Virol. 66, 1602–1609 CrossRefMedline

50. Gardner, P. R., Costantino, G., Szabó, C., and Salzman, A. L. (1997) Nitric
oxide sensitivity of the aconitases. J. Biol. Chem. 272, 25071–25076 Cross-
RefMedline

51. Corbett, J. A., Lancaster, J. R., Jr., Sweetland, M. A., and McDaniel, M. L.
(1991) Interleukin-1 b-induced formation of EPR-detectable iron-nitrosyl
complexes in islets of Langerhans. Role of nitric oxide in interleukin-1
b-induced inhibition of insulin secretion. J. Biol. Chem. 266, 21351–21354
Medline

52. Scarim, A. L., Heitmeier, M. R., and Corbett, J. A. (1997) Irreversible inhi-
bition of metabolic function and islet destruction after a 36-hour exposure
to interleukin-1b. Endocrinology 138, 5301–5307 CrossRefMedline

53. Hughes, K. J., Chambers, K. T., Meares, G. P., and Corbett, J. A. (2009) Ni-
tric oxides mediates a shift from early necrosis to late apoptosis in cyto-
kine-treated b-cells that is associated with irreversible DNA damage. Am.
J. Physiol. Endocrinol. Metab. 297, E1187–E1196 CrossRefMedline

54. Corbett, J. A., and McDaniel, M. L. (1994) Reversibility of interleukin-1
beta-induced islet destruction and dysfunction by the inhibition of nitric
oxide synthase. Biochem. J. 299, 719–724CrossRefMedline

55. Koster, J. C., Marshall, B. A., Ensor, N., Corbett, J. A., and Nichols, C. G.
(2000) Targeted overactivity of b cell K(ATP) channels induces profound
neonatal diabetes.Cell 100, 645–654CrossRefMedline

56. Oleson, B. J., Broniowska, K. A., Schreiber, K. H., Tarakanova, V. L., and
Corbett, J. A. (2014) Nitric oxide induces ataxia telangiectasia mutated
(ATM) protein-dependent gH2AX protein formation in pancreatic b
cells. J. Biol. Chem. 289, 11454–11464 CrossRefMedline

57. Collier, J. J., Burke, S. J., Eisenhauer, M. E., Lu, D., Sapp, R. C., Frydman,
C. J., and Campagna, S. R. (2011) Pancreatic b-cell death in response to
pro-inflammatory cytokines is distinct from genuine apoptosis. PLoS One
6, e22485 CrossRefMedline

58. Steer, S. A., Scarim, A. L., Chambers, K. T., and Corbett, J. A. (2006) Inter-
leukin-1 stimulates b-cell necrosis and release of the immunological adju-
vant HMGB1. PLoSMed. 3, e17 CrossRefMedline

59. Scarim, A. L., Heitmeier, M. R., and Corbett, J. A. (1998) Heat shock inhib-
its cytokine-induced nitric oxide synthase expression by rat and human
islets. Endocrinology 139, 5050–5057 CrossRefMedline

60. Takeuchi, O., and Akira, S. (2010) Pattern recognition receptors and
inflammation.Cell 140, 805–820 CrossRefMedline

61. Jacobs, B. L., and Langland, J. O. (1996) When two strands are better than
one: The mediators and modulators of the cellular responses to double-
stranded RNA.Virology 219, 339–349 CrossRefMedline

62. Moreira, D., Silvestre, R., Cordeiro-da-Silva, A., Estaquier, J., Foretz, M.,
and Viollet, B. (2016) AMP-activated protein kinase as a target for patho-
gens: Friends or foes?Curr. Drug Targets 17, 942–953 CrossRefMedline

63. Cheng, M. L., Chien, K. Y., Lai, C. H., Li, G. J., Lin, J. F., and Ho, H. Y.
(2020) Metabolic Reprogramming of host cells in response to enteroviral
infection.Cells 9, 473 CrossRefMedline

64. Cozar-Castellano, I., Fiaschi-Taesch, N., Bigatel, T. A., Takane, K. K.,
Garcia-Ocaña, A., Vasavada, R., and Stewart, A. F. (2006) Molecular con-
trol of cell cycle progression in the pancreatic b-cell. Endocr. Rev. 27, 356–
370 CrossRefMedline

65. Oleson, B. J., andCorbett, J. A. (2018) Dual role of nitric oxide in regulating
the response of b cells to DNA damage. Antioxid. Redox Signal. 29, 1432–
1445 CrossRefMedline

66. Oleson, B. J., and Corbett, J. A. (2020) Can insulin secreting pancreatic
b-cells provide novel insights into the metabolic regulation of the DNA
damage response? Biochem. Pharmacol. 176, 113907CrossRefMedline

67. Lacy, P. E., and Kostianovsky, M. (1967) Method for the isolation of intact
islets of Langerhans from the rat pancreas. Diabetes 16, 35–39 CrossRef
Medline

68. McDaniel,M. L., Colca, J. R., Kotagal, N., and Lacy, P. E. (1983) A subcellu-
lar fractionation approach for studying insulin release mechanisms and
calcium metabolism in islets of Langerhans. Methods Enzymol. 98, 182–
200 CrossRefMedline

69. Kelly, C. B., Blair, L. A., Corbett, J. A., and Scarim, A. L. (2003) Isolation of
islets of Langerhans from rodent pancreas. Methods Mol. Med. 83, 3–14
CrossRefMedline

70. Bae, Y. S., Eun, H. M., and Yoon, J. W. (1989) Genomic differences
between the diabetogenic and nondiabetogenic variants of encephalomyo-
carditis virus.Virology 170, 282–287 CrossRefMedline

71. Green, L. C., Wagner, D. A., Glogowski, J., Skipper, P. L., Wishnok, J. S.,
and Tannenbaum, S. R. (1982) Analysis of nitrate, nitrite, and [15N]nitrate
in biological fluids.Anal. Biochem. 126, 131–138 CrossRefMedline

72. Heitmeier, M. R., Scarim, A. L., and Corbett, J. A. (1997) Interferon-
gamma increases the sensitivity of islets of Langerhans for inducible ni-
tric-oxide synthase expression induced by interleukin 1. J. Biol. Chem.
272, 13697–13704 CrossRefMedline

73. Khan, P., Idrees, D., Moxley, M. A., Corbett, J. A., Ahmad, F., von Figura,
G., Sly, W. S.,Waheed, A., and Hassan, M. I. (2014) Luminol-based chemi-
luminescent signals: Clinical and non-clinical application and future uses.
Appl. Biochem. Biotechnol. 173, 333–355 CrossRefMedline

74. Stocchi, V., Cucchiarini, L., Canestrari, F., Piacentini, M. P., and Fornaini,
G. (1987) A very fast ion-pair reversed-phase HPLC method for the sepa-
ration of the most significant nucleotides and their degradation products
in human red blood cells.Anal. Biochem. 167, 181–190 CrossRefMedline

75. Broniowska, K. A., Diers, A. R., Corbett, J. A., andHogg, N. (2013) Effect of
nitric oxide on naphthoquinone toxicity in endothelial cells: role of bioen-
ergetic dysfunction and poly (ADP-ribose) polymerase activation. Bio-
chemistry 52, 4364–4372 CrossRefMedline

Nitric oxide limits EMCV replication in b-cells

16664 J. Biol. Chem. (2020) 295(49) 16655–16664

http://dx.doi.org/10.1016/j.immuni.2006.08.007
http://www.ncbi.nlm.nih.gov/pubmed/16979569
http://dx.doi.org/10.1038/nri2314
http://www.ncbi.nlm.nih.gov/pubmed/18575461
http://dx.doi.org/10.1111/j.1462-5822.2007.01006.x
http://www.ncbi.nlm.nih.gov/pubmed/17991048
http://dx.doi.org/10.1128/JVI.80.6.2705-2717.2006
http://www.ncbi.nlm.nih.gov/pubmed/16501080
http://dx.doi.org/10.1073/pnas.0605375103
http://www.ncbi.nlm.nih.gov/pubmed/16888036
http://dx.doi.org/10.1074/jbc.RA119.010267
http://www.ncbi.nlm.nih.gov/pubmed/31915247
http://dx.doi.org/10.1073/pnas.191207498
http://www.ncbi.nlm.nih.gov/pubmed/11526215
http://www.ncbi.nlm.nih.gov/pubmed/10359649
http://dx.doi.org/10.1152/ajpendo.00424.2012
http://www.ncbi.nlm.nih.gov/pubmed/23321474
http://dx.doi.org/10.1128/JVI.66.3.1602-1609.1992
http://www.ncbi.nlm.nih.gov/pubmed/1310768
http://dx.doi.org/10.1074/jbc.272.40.25071
http://dx.doi.org/10.1074/jbc.272.40.25071
http://www.ncbi.nlm.nih.gov/pubmed/9312115
http://www.ncbi.nlm.nih.gov/pubmed/1657959
http://dx.doi.org/10.1210/endo.138.12.5583
http://www.ncbi.nlm.nih.gov/pubmed/9389514
http://dx.doi.org/10.1152/ajpendo.00214.2009
http://www.ncbi.nlm.nih.gov/pubmed/19738038
http://dx.doi.org/10.1042/bj2990719
http://www.ncbi.nlm.nih.gov/pubmed/7514870
http://dx.doi.org/10.1016/S0092-8674(00)80701-1
http://www.ncbi.nlm.nih.gov/pubmed/10761930
http://dx.doi.org/10.1074/jbc.M113.531228
http://www.ncbi.nlm.nih.gov/pubmed/24610783
http://dx.doi.org/10.1371/journal.pone.0022485
http://www.ncbi.nlm.nih.gov/pubmed/21829464
http://dx.doi.org/10.1371/journal.pmed.0030017
http://www.ncbi.nlm.nih.gov/pubmed/16354107
http://dx.doi.org/10.1210/endo.139.12.6366
http://www.ncbi.nlm.nih.gov/pubmed/9832444
http://dx.doi.org/10.1016/j.cell.2010.01.022
http://www.ncbi.nlm.nih.gov/pubmed/20303872
http://dx.doi.org/10.1006/viro.1996.0259
http://www.ncbi.nlm.nih.gov/pubmed/8638399
http://dx.doi.org/10.2174/1389450116666150416120559
http://www.ncbi.nlm.nih.gov/pubmed/25882224
http://dx.doi.org/10.3390/cells9020473
http://www.ncbi.nlm.nih.gov/pubmed/32085644
http://dx.doi.org/10.1210/er.2006-0004
http://www.ncbi.nlm.nih.gov/pubmed/16638909
http://dx.doi.org/10.1089/ars.2017.7351
http://www.ncbi.nlm.nih.gov/pubmed/28978225
http://dx.doi.org/10.1016/j.bcp.2020.113907
http://www.ncbi.nlm.nih.gov/pubmed/32171728
http://dx.doi.org/10.2337/diab.16.1.35
http://www.ncbi.nlm.nih.gov/pubmed/5333500
http://dx.doi.org/10.1016/0076-6879(83)98149-1
http://www.ncbi.nlm.nih.gov/pubmed/6366468
http://dx.doi.org/10.1385/1-59259-377-1:003
http://www.ncbi.nlm.nih.gov/pubmed/12619711
http://dx.doi.org/10.1016/0042-6822(89)90379-6
http://www.ncbi.nlm.nih.gov/pubmed/2541543
http://dx.doi.org/10.1016/0003-2697(82)90118-X
http://www.ncbi.nlm.nih.gov/pubmed/7181105
http://dx.doi.org/10.1074/jbc.272.21.13697
http://www.ncbi.nlm.nih.gov/pubmed/9153221
http://dx.doi.org/10.1007/s12010-014-0850-1
http://www.ncbi.nlm.nih.gov/pubmed/24752935
http://dx.doi.org/10.1016/0003-2697(87)90150-3
http://www.ncbi.nlm.nih.gov/pubmed/2829656
http://dx.doi.org/10.1021/bi400342t
http://www.ncbi.nlm.nih.gov/pubmed/23718265

	Inhibition of mitochondrial oxidative metabolism attenuates EMCV replication and protects β-cells from virally mediated lysis
	Results
	Nitric oxide attenuates EMCV-mediated β-cell death
	Role of new gene transcription and type I IFN production in protection from EMCV-mediated β-cell lysis
	EMCV replication is attenuated in the presence of nitric oxide
	The antiviral actions of nitric oxide are not mediated by the induction of ER stress
	Inhibition of oxidative metabolism protects β-cells from EMCV
	Nitric oxide and rotenone attenuate EMCV replication in islet cells

	Discussion
	Experimental Procedures
	Materials and animals
	Rodent islet isolation and cell culture
	EMCV propagation and infection
	Plaque assay
	Cell death assay
	Nitrite determination
	Real time PCR
	Western blot analysis
	ATP measurement
	Statistics

	Data availability
	References


