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Abstract

metabolic intervention by SARS-CoV-2.

plying NAD+, substantially suppressed viral replication.

Background: One of coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has caused corona-
virus disease 2019 (COVID-19) pandemic and threatened worldwide. However, therapy for COVID-19 has rarely been
proven to possess specific efficacy. As the virus relies on host metabolism for its survival, several studies have reported

Results: We investigated the coronavirus-metabolic hijacking using mouse hepatitis virus (MHV) as a surrogate for
SARS-CoV-2. Based on the altered host metabolism by MHV infection, an increase of glycolysis with low mitochon-
drial metabolism, we tried to investigate possible therapeutic molecules which increase the TCA cycle. Endogenous
metabolites and metabolic regulators were introduced to restrain viral replication by metabolic intervention. We
observed that cells deprived of cellular energy nutrition with low glycolysis strongly suppress viral replication. Further-
more, viral replication was also significantly suppressed by electron transport chain inhibitors which exhaust cellular
energy. Apart from glycolysis and ETC, pyruvate supplement suppressed viral replication by the TCA cycle induction.
As the non-glucose metabolite, fatty acids supplement decreased viral replication via the TCA cycle. Additionally, as a
highly possible therapeutic metabolite, nicotinamide riboside (NR) supplement, which activates the TCA cycle by sup-

Conclusions: This study suggests that metabolite-mediated TCA cycle activation suppresses replication of coronavi-
rus and suggests that NR might play a role as a novel therapeutic metabolite for coronavirus.
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Background

Betacoronavirus is one of four genera of coronavi-
rus and consists of four lineages including Embecovi-
rus, Sarbecovirus, Merbecovirus, and Nobecovirus.
In lineage B, the Sarbecovirus contains a Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2).
SARS-CoV-2 induced coronavirus disease 2019
(COVID-19) was defined as a pandemic by World
Health Organization (WHO), and the number of death
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by COVID-19 exceeded 1 million people on October,
2020 [1]. While the importance and urgency for treating
COVID-19 are evident, there is few specific therapeutic
agent for rescuing from SARS-CoV-2 though molecu-
lar and experimental approaches were vigorously dis-
cussed [2]. Remdesivir, which is RNA-dependent RNA
polymerase (RDRP) inhibitor, shortened rehabilitation
of COVID-19 patients in randomized clinical test [3],
however, did not improve clinical status in another
randomized clinical trial [4]. Other treatments, lopi-
navir-ritonavir [5] and chloroquine-hydroxychloro-
quine [6], also failed to present satisfying results due to
retarded improvement or lacking methodology. While
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developing therapeutic agents had been in difficulty,
diversely designed vaccines for SARS-CoV-2 have been
introduced and obtained efficacy [7, 8]. However, as
prevalence of SARS-CoV-2 mutants is expanding, there
is still an urgent need to find an effective therapeutic
approach for COVID-19 patients.

A virus is an intracellular obligate parasite relying
on host cells and reprograms host metabolism for its
replication [9]. Among RNA viruses, the dengue virus
induces glucose uptake and glycolysis [10], and the
zika virus increases glycolysis for activating pentose
phosphate pathway [11]. Importantly, SARS-CoV-2
increases glycolysis in monocyte; their replication
in monocyte was suppressed by hexokinase inhibi-
tor, 2-deoxyglucose [12]. Furthermore, SARS-CoV-2
has been known to induce and use the Warburg effect
for their replication [13]. Meanwhile, SARS-CoV-2
decreases TCA cycle activation and oxidative phospho-
rylation, contributing to systemic toxicity and lethality
of patients [14, 15]. Herein, we tried to investigate met-
abolic regulators involved in viral suppression, which
can be used as therapeutic agents.

To investigate the host metabolic alteration of SARS-
CoV-2, we studied mouse hepatitis virus (MHV; JHM-
cl2) as a surrogate. While HCoV-OC43 is a closer
mimetic of SARS-CoV-2 than MHV, the MHV has been
used for animal disease models in many virological and
clinical studies [16], acting as a model organism for
studying coronaviruses [17]. Although MHYV belongs to
betacoronavirus genus same with SARS-CoV-2, they are
still taking different receptors; CEACAMIla for MHV
and ACE2 for SARS-CoV-2 [16]. Nonetheless, MHYV,
which is subgenus Embecovirus (Lineage A), could
offer metabolic insights into SARS-CoV-2 because
MHYV shares a common genus with SARS-CoV, SARS-
CoV-2, and Middle East respiratory syndrome-related
coronavirus (MERS-CoV). Indeed, MHV [18-20] and
SARS-CoV-2 [21-23] induce similar clinical symptoms
in hosts including brain, lung, and intestine. As a pro-
totypical laboratory coronavirus, MHV has been stud-
ied in respiratory, enteric, neurological research for
SARS-CoV-2 and conducted in low biosafety level [24].
Particularly, JHM strain is frequently studied for coro-
navirus pathogenicity and immunology [24]. Therefore,
in this study, metabolic intervention was investigated as
the therapeutic strategy against SARS-CoV-2 in MHV-
infected DBT cells [25] in which glucose metabolism is
highly vigoront due to organ characteristic of brain. By
activating the TCA cycle with supplements including
pyruvate and fatty acids, MHV replication was strongly
suppressed. Furthermore, by increasing TCA coen-
zymes with nicotinamide riboside (NR) supplement,
host defense was enforced against MHV.
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Results

Alteration of host metabolism upon MHV infection

Virus altered host metabolism, metabolic hijacking, has
been investigated in diverse kinds of viruses, and par-
ticularly, glycolysis is shown to be increased by virus
infection [26]. Furthermore, though the virus relies on
host metabolism for its survival and the host produces
most of its energy in mitochondria, mitochondrial dis-
ruption by various kinds of viruses has been observed
[27]. To investigate the metabolic hijacking in MHV
infection (MOI 0.05), we analyzed metabolic profile in
early time point on 7h post inoculation (hpi). In extra-
cellular acidification rate (ECAR), glycolysis rate was
2.69-fold increased (p < 0.05), in MHV infected group
compared to mock infected group (Fig. 1A). In Western
blot, the levels of rate-limiting enzymes of glycolysis,
HK2 and PKM1/2, were significantly increased (p<0.05,
1.74- and 1.36- fold vs. MOCK group) in MHYV infected
group (Fig. 1B). Conversely, mRNA expression of TCA
cycle genes, Ogdh and Suclg, was down-regulated (p <
0.05, 50.9 and 36.3%, respectively, vs. MOCK group) by
MHYV infection (Fig. 1C). Furthermore, mRNA expres-
sion of oxidative phosphorylation (OXPHOS) genes,
Atp5b and Ndufb5, was significantly decreased (p < 0.05,
89.3 and 49.7%, respectively, vs. MOCK group) by MHV
infection (Fig. 1D). Consistently, ATP production rate
was suppressed (p < 0.05, 66%, respectively, vs. MOCK
group) in MHV group, suggesting host’s mitochondrial
metabolism is impaired (Fig. 1E). In these results, it was
observed that MHYV infection increases glycolysis rate-
limiting enzymes and ECAR, reflecting overall induction
of glycolysis. On the contrary, MHYV infection suppressed
mitochondrial metabolism with low mitochondrial meta-
bolic gene expression and reduced ATP production rate.
MHV-metabolic hijacking is described in Fig. 1F.

MHYV requires glycolysis for its replication

Glucose is lysed by glycolysis and produces acetyl-CoA
to run TCA cycle. Then, TCA cycle provides NADH to
electron transport chain (ETC) for ATP production in
mitochondria. As glycolysis and mitochondrial metabo-
lism are sequential process following glucose usage [28],
it was questioned how host will respond to virus when
both of glycolysis and mitochondrial metabolism are
almost turned off. To investigate, we infected DBT cells
with MHV for 1h and incubate them in replete medium
(glucose 4500 mg/l, pyruvate 0.5 mM) or undernourished
medium (glucose 500mg/l, w/o pyruvate). When MHV
copies were analyzed on 24 hpi, we could observe very
low MHV RNA expression (> 1% of replete medium) in
undernourished medium on both moi (p < 0.05, Fig. 2A).
In Western blot, protein levels of SPIKE was strongly
suppressed (p < 0.05, 1.45 and 6.77%, respectively) in
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Fig. 1 Host metabolic hijacking by MHV. Cells were infected by MHY (MOI 0.05) for 7 h. A Extracellular acidification rate measured by flux analyzer.
Values were normalized by baseline value. Glucose (25 mM) was added for measurements. B Western blot analysis and quantification of glycolysis
enzymes. 3-actin was used for an internal control. C mRNA expression of TCA cycle enzymes. Rplp0 was used for an internal control. D mRNA
expression of ETC enzymes. Rplp0 was used for an internal control. E Oxygen consumption rate measured by flux analyzer. Values were normalized
by baseline value. Oligomycin (2 uM) was added for measurements. F lllustration of metabolic hijacking by MHV infection. Values represent means
=+ SD. *p < 0.05. Student’s t-test was performed. All experiments were repeated at least 3 times

MOI 0.1 and MOI 0.05 MHV-infected cells of under-
nourished medium compared to those of replete medium
(Fig. 2B). Then, cell culture medium was treated to fresh
DBT cells, and viability of cells was measured after 24 h.
As a result, cell viability was significantly increased (p <
0.05, 2.6- and 3.71-fold) in medium of undernourished
MOI 0.1 and MOI 0.05 MHV-infected cells compared to
those of replete cells (Fig. 2C). Through these results, it
was confirmed that MHYV replication and translation are
strongly suppressed in undernourished medium, suggest-
ing that basal cellular nutrition is needed for viral repli-
cation. As an undernourished medium contains very low
glucose compared to replete medium, cells in the under-
nourished medium might primarily lack glycolysis and
glucose-derived metabolism. Indeed, glycolysis inhibition
reduced glycolytic-dependent oxidative phosphoryla-
tion and ATP production rates (Additional file 1: Fig. S1),

which may be due to reduced glucose-derived ETC sup-
ply. Therefore, it can be assumed that inhibition of glyco-
lysis or ETC involves in viral suppression.

To investigate whether glycolysis affects viral replica-
tion, we firstly treated glycolysis inhibitors, 2-deoxy-
glucose (2-DG) [29] and phenylalanine (PHA) [30]. For
experiment, DBT cells were pre-incubated with medium
containing glycolysis inhibitors for 2h and infected with
MHYV (MOI 0.05). RNA copies of MHV were significantly
decreased (p < 0.05, 52.4, 56.6, and 35.4%, respectively)
in 5, 10, and 20mM of 2-DG treated cells compared to
those of vehicle treated cells (Fig. 2D). Likewise, MHV
RNA expression was significantly decreased (p<0.05,
70 and 19.2%, respectively) in 0.1 and 0.5mM of PHA
treatments (Fig. 2D). Accordingly, it was observed that
glycolysis inhibition restrains virus replication, which is
consistent to previous SARS-CoV-2 observation [31]. The
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metabolic intervention by undernourishment in MHV-
infected cells is described in Fig. 2E.

ETC inhibition suppresses MHV replication

Next, ETC was inhibited with multiple inhibitors for each
complex. Firstly, to inhibit the last step of ETC, oligo-
mycin, ATP synthase inhibitor, was treated to cell. As a
result, 1 and 2pM of oligomycin treated cells decreased
(p < 0.05, 13 and 16%, respectively) RNA copies of MHV
compared to vehicle treated cells (Fig. 3A). In Western
blot, protein levels of SPIKE were suppressed (p < 0.05,

17.2 and 15.8%, respectively, vs. vehicle treated cells) in
1 and 2uM of oligomycin treated cells (Fig. 3B). In line
with virus protein levels, when virus infected cell culture
medium was treated to fresh DBT cells, cell viability was
increased (p < 0.05, 1.55- and 1.59-fold, respectively, vs.
vehicle treated cells) in medium of 1 and 2 uM of oligo-
mycin treated cells (Fig. 3C).

Furthermore, to inhibit the first step of ETC, rote-
none, complex 1 inhibitor, was treated to cell. As a
result, 1 and 2puM of rotenone treated cells decreased
(p < 0.05, 13 and 16%, respectively) RNA copies of
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MHYV compared to vehicle treated cells (Fig. 3D). In
Western blot, protein levels of SPIKE were suppressed
(p < 0.05, 17.2 and 15.8%, respectively, vs. vehicle
treated cells) in 1 and 2puM of rotenone treated cells
(Fig. 3E). When virus infected cell culture medium was
treated to fresh DBT cells, cell viability was increased
(p < 0.05, 1.55- and 1.59-fold, respectively, vs. vehicle
treated cells) in medium of 1 and 2pM of rotenone
treated cells (Fig. 3F).

For universal inhibition of ETC, proton gradient was
flattened by ionophore, FCCP. As a result, 20 and 30 uM
of FCCP treated cells decreased (p < 0.05, 11.7 and 7.62%,
respectively) RNA copies of MHV compared to vehicle
treated cells (Fig. 3G). In Western blot, protein levels of
SPIKE were suppressed (p < 0.05, 41.2 and 42.8%, respec-
tively, vs. vehicle treated cells) in 20 and 30 uM of FCCP
treated cells (Fig. 3H). When virus infected cell culture
medium was treated to fresh DBT cells, cell viability was
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increased (p < 0.05, 1.64- and 1.78-fold, respectively, vs.
vehicle treated cells) in medium of 20 and 30 uM of FCCP
treated cells (Fig. 3I). Meanwhile, the viral suppression by
ETC inhibitors is not solely affected by its decreased rep-
lication, because pre-treatment of ETC inhibitors in cells
significantly reduced intracellular MHV RNA expression
on just 0.5 hpi (Fig. 3]), implying intracellular virus entry
was already decreased before virus replication. Illus-
tration of metabolic intervention by ETC inhibition in
MHV-infected cells is depicted in Fig. 3K.

TCA cycle activation by pyruvate and fatty acids
suppresses replication of MHV

In biochemistry, glucose is well known to be lysed to
pyruvate via glycolysis, and pyruvate is oxidized to acetyl-
CoA. Acetyl-CoA enters and runs the TCA cycle through
a series of steps, producing NADH and FADH, which
act as ingredients for ATP production in ETC. As ETC
inhibition suppressed viral replication, it was further
investigated whether the metabolic intervention before
ETC will follow the tendency of ETC regulation. Herein,
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we tested whether TCA cycle regulation will affect viral
replication.

Firstly, as glycolytic product, pyruvate was treated as
precursor supplement for TCA cycle activation. As a
result, RNA copies of MHV was suppressed (p < 0.05,
42.8% vs. non-supplementation) in 1mM of pyruvate
supplementation (Fig. 4A). Furthermore, protein levels of
SPIKE were decreased (p < 0.05, 68.4 and 75.6%, respec-
tively, vs. non-supplementation) following 0.5 and 1 mM
of pyruvate supplementation (Fig. 4B). When cell viabil-
ity was measured as aforementioned experiments, cells
incubated with 0.5 and 1 mM of pyruvate supplemented
medium survived in larger numbers (p < 0.05, 2.56- and
2.67-fold, respectively) compared to non-supplementa-
tion (Fig. 4C). Consistently, when plaque-forming unit
(PFU) was measured in plaque-forming assay (PFA),
0.5 and 1 mM of pyruvate supplementaion reduced (p <
0.05, 74.1 and 74.2%, respectively) infectious virus titer
(Fig. 4D). To demonstrate whether pyruvate is on-target
TCA inducer for viral suppression, pyruvate supply was
hindered by mitochondrial pyruvate dehydrogenase

least 3 times
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medium  10mM 20mM

MHYV 24hpi

MHYV 24hpi
" Pyruvate Pyruvate
r ) )
Vehicle 0.5mM 1mM
MHV RNA SPIKE E Cell Viability Infectious virus titer MHV RNA
15 4 3 15 #
= -acti & =
practin [ e——] % L. . . B
S 10] 15 e S 2 — g 10
& b = g 5
g £ 2 > g
< * ] B H <
05 * T H . 1 05
z E 0 . % £ 3 Z
E £ K] E
0.0 Z 05 0 0 0.0
Replete  Pyruvate Pyruvate & Replete  Pyruvate Pyruvate Replete  Pyruvate Pyruvate Replete Pyruvate Pyruvate lmM
medium  05mM  ImM medium  0.5mM  ImM medium  0.5mM  ImM medium  ImM  CPI-613 10pM
_—— 0.0 _—— —_— _——
MHYV 24hpi Replete  Pyruvate Pyruvate MHV 24hpi MHV 24hpi MHV 24hpi
medium  05mM  ImM
MHYV 24hpi
G Metabolic intervention by pyruvate
MHYV 24hpi
Glugose
Vehicle  DCA - DCA
F 10mM  20mM H 1
MHV RNA SPIKE [ - =] Cell Viability Infectious virus titer Glurose
= - [ *
L B-actin S 20 * = Pyruvate  ETC 060
2 10 15 < £, DCA
£ £ 15 g CPI-613
H 5 g o A Acetyl-CoA
< 05 * * Z 10 g 10 s 4 NADH
z 2 % ] g
4 = s = 05 =
g E} &
0.0 £ 05 0.0 0
Replete  DCA  DCA Replete  DCA  DCA Replete  DCA  DCA NADH
medium  10mM  20mM 0o medium  10mM  20mM medium _ 10mM__ 20mM
MHYV 24hpi ’ Replete  DCA DCA MHYV 24hpi MHV 24hpi

Virus repllcation l

Fig. 4 Pyruvate oxidation decreases viral replication via induction of TCA cycle. Cells were infected by MHV (MOI 0.05) for 24 h. Metabolite and
chemicals were treated after serum free medium is changed to FBS containing medium. A, E, F RNA expression of MHV in cells treated with

3), and pyruvate oxidation activator (Dichloroacetate, DCA) in replete medium (glucose 450 mg/d|,
pyruvate 0.5 mM). Rplp0 was used for an internal control. B, G Western blot analysis and quantification of SPIKE in cells treated with pyruvate and
pyruvate oxidation activator in replete medium (glucose 450 mg/dl, pyruvate 0.5 mM). 3-actin was used for an internal control. C, H Viability of
cells incubated for 24 h with medium collected from MHV-infected cells which were treated as indicated. D, I Infectious virus titer (Log;,PFU/mI)
measured by plaque forming assay. J lllustration of metabolic intervention induced by pyruvate and pyruvate oxidation. Values represent means +
SD. *p < 0.05 vs. vehicle. #p < 0.05 vs. pyruvate. One-way ANOVA followed by a tukey’s multiple comparison test. All experiments were repeated at




Lee et al. Cell & Bioscience (2022) 12:7

inhibitor, CPI-613. When pyruvate supply still decreased
(p < 0.05,70.5% vs. vehicle) RNA copies of MHV, CPI-613
and pyruvate co-treatment recovered MHV RNA expres-
sion (p < 0.05, 1.84-fold vs. pyruvate treatment) to those
of vehicle treated cells (Fig. 4E). Given that pyruvate oxi-
dation limits viral replication, we activated conversion
from pyruvate to acetyl-CoA by treating dichloroacetate
(DCA), pyruvate dehydrogenase kinase inhibitor. As a
result, RNA copies of MHV were significantly suppressed
(p < 0.05, 40.8 and 44.3%, respectively) in 10 and 20 mM
of DCA treated cells compared to those of vehicle treated
cells (Fig. 4F). In Western blot, protein levels of SPIKE
were decreased (p < 0.05, 78.8 and 68.8%, respectively)
in 10 and 20mM of DCA treated cells (Fig. 4G). Accord-
ingly, cell viability was increased (p < 0.05, 1.97- and
1.85-fold, respectively) when medium of 10 and 20mM
of DCA treated cells was inoculated (Fig. 4H). When
PFU was measured, 10 and 20mM of DCA treatments
reduced (p < 0.05, 90.2 and 79.4%, respectively) infectious
virus titer (Fig. 4I). Metabolic intervention by pyruvate
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oxidation in these experiments is illustrated in Fig. 4],
showing that activation of TCA cycle by pyruvate supply
suppresses MHV replication.

Following these results, other endogenous metabolites
were tested whether they decrease MHYV replication by
activation of TCA cycle. Except for glucose, fatty acid
was possible candidate for activating TCA cycle as they
are oxidized to acetyl-CoA through fatty acid oxidation.
When we treated fatty acids (palmitic acid 330 uM and
oleic acid 660puM per fatty acids 1 mM), RNA copies of
MHYV were suppressed (p < 0.05, 52.1 and 67.2%, respec-
tively, vs. non-supplementation) in 1 and 10mM of fatty
acids supplementation, suggesting viral replication was
suppressed (Fig. 5A). In Western blot, protein levels of
SPIKE were suppressed (p < 0.05, 65.3 and 33.8%, respec-
tively, vs. non-supplementation) in 1 and 10mM of fatty
acids supplementation (Fig. 5B). In line with virus pro-
tein levels, cell viability was increased (p < 0.05, 1.46- and
1.56-fold, respectively, vs. non-supplementation) when
medium of 1 and 10mM of fatty acids supplementation
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was incubated (Fig. 5C). To further demonstrate whether
fatty acid is on-target TCA inducer for viral suppression,
etomoxir was treated as fatty acid oxidation inhibitor.
Consistent to dose-dependent results, fatty acids supple-
mentation substantially restrained (p < 0.05, 18.7%) viral
replication compared to non-supplementation. Impor-
tantly, 10 uM of etomoxir treatment in fatty acids supple-
mentation recovered expression of MHV RNA (p < 0.05,
5.2-fold vs. fatty acids supplementation) to those of non-
supplementation (Fig. 5D). Accordingly, fatty acids might
be on-target TCA cycle inducer suppressing viral replica-
tion, regarding etomoxir inhibits acetyl-CoA production
from fatty acids (Fig. 5E).

In addition, another metabolite, glutamine, involves
in TCA cycle as it converts alpha-ketoglutarate (a-KG).
When glutamine was supplemented to medium, RNA
copies of MHV were suppressed (p < 0.05, 32.9 and
9.14%, respectively) in 4 and 8 mM of glutamine supple-
mentation compared to non-supplementation (Fig. 5F).
In Western blot, protein levels of SPIKE were suppressed
(p < 0.05, 58.2 and 36.8%, respectively, vs. non-supple-
mentation) in 4 and 8 mM of glutamine supplementation
(Fig. 5G). In line with virus protein levels, when virus
infected cell culture medium was treated to fresh DBT
cells, cell viability was increased (p < 0.05, 5.25- and 7.83-
fold, respectively, vs. non-supplementation) in medium
of 4 and 8mM of glutamine supplementation (Fig. 5H).
Glutaminase inhibitor, BPTES, was treated to confirm
whether glutamine acts as an on-target TCA inducer
to decrease viral replication. Unexpectedly, BPTES did
not recover viral copies and further decreased (p<0.05,
32.8%) MHV RNA compared to glutamine treated cells
(Fig. 5I). Therefore, it can be concluded that glutamine
can suppress viral replication, but it is not mediated by
TCA induction. As BPTES might increase intact glu-
tamine by decreasing glutamine degradation to gluta-
mate (Glu), it should be considered that high glutamine
concentration inhibits viral replication regardless of TCA
cycle (Fig. 5]).

NR suppresses replication of MHV

Although those regulators for TCA cycle and ETC show
anti-MHYV effects, they were treated in high dose which
may trigger toxicity for host. Therefore, we introduced
NR, which serves as a TCA coenzyme supplier [32],
as safe therapeutic agent for coronavirus as it has been
tested in previous human clinical trial [33]. As a result,
RNA copies of MHV were significantly suppressed (p <
0.05, 62.5, 53.4, and 0.04%, respectively) in 100, 200, and
400 uM of NR treated cells compared to those of vehicle
treated cells (Fig. 6A). In Western blot, protein levels of
SPIKE (p < 0.05, 81.4, 67.8, and 48.1%, respectively) was
decreased in 100, 200, and 400puM of NR treated cells
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(Fig. 6B). Accordingly, cell viability was increased (p <
0.05, 2.09- and 3.04-fold, respectively) when medium
of 200 and 400puM of NR treated cells was inoculated
(Fig. 6C). To improve the effect of NR, DCA was co-
treated to stimulate TCA cycle. As a result, RNA copies
of MHV was significantly suppressed (p < 0.05, 58.2%)
in 400 M of NR treated cells and further decreased (p <
0.05, 34.6%) in DCA-NR co-treated cells (Fig. 6D). In
Western blot, protein levels of SPIKE was significantly
suppressed (p < 0.05, 59.3%) in 400puM of NR treated
cells and further decreased (p < 0.05, 40.4%) in DCA-NR
co-treated cells (Fig. 6E). Cell viability was increased (p <
0.05, 1.28- and 1.55-fold, respectively) when medium
of NR and DCA-NR treated cells was inoculated, com-
pared to those of vehicle treated cells (Fig. 6F). However,
DCA-NR did not result in improvement in cell viability
compared to NR. When PFA was analyzed, infectious
virus titer was decreased (p < 0.05, 51.4, 40.3, and 42.8%,
respectively) in 200 and 400uM of NR treatments, and
NR-DCA co-treatments, compared to those of vehi-
cle treated cells (Fig. 6G). However, DCA-NR could not
decrease PFU compared to NR, because they may have a
little synergistic effect that only can affect total viral repli-
cation. Metabolic intervention triggered by NR and DCA
in MHV-infected cells is illustrated in Fig. 6H. These
results offer novel therapeutic potential of NR against
coronavirus infection which both presents viral suppres-
sive effect and low host-toxicity.

Discussion
MHYV is betacoronaviridae which has been used for cor-
onavirus study very frequently as it possesses similarity
with SARS-CoV-2 in various aspects. In a previous study,
it has been shown that MHYV shares inhibitory effects for
virus entry with SARS-CoV-2 [34]. Furthermore, MHV
is closely related to pro-inflammatory response, similar
to SARS-CoV-2, including induction of cytokines such
as TNF and IL-1B, and IFN-gamma [35]. Additionally,
MHYV and SARS-CoV-2 have typical decay patterns in
an environment [36]. Studying common characteristics
between SARS-CoV-2 and MHYV is important for devel-
oping SARS-CoV-2 therapy in the clinic. For example,
previous study elucidated the importance of antibody
production during MHV infection [37], which led to fur-
ther therapeutic investigation using monoclonal antibod-
ies against viral spike, matrix, and nucleocapsid proteins
for viral clearance [38]. As those approaches were valid
in SARS-CoV-2 study [39], it should be noted that basic
research for MHV could suggest a possible therapeutic
approach for SARS-CoV-2.

Previous pieces of literature observed that induction
of glycolysis [12] and suppression of OXPHOS [40] in
immune cells lead to pro-inflammatory cytokine storm
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with a decrease of host-defensive cytokine, interferon-  31], we found that replication of MHYV in brain cell can be
gamma (IFN-y). It was also shown that the induced glyc-  suppressed by glycolysis inhibition. Furthermore, chemi-
olysis in PBMC of COVID-19 patients is a compensatory  cal inhibition of ETC strongly suppressed MHV replica-
response from mitochondrial respiration deficit [41], tion though the inhibitors cannot be applied in the clinic
suggesting mitochondrial regulation might be impor-  due to toxicity as also shown in Additional file 1: Fig. S2.
tant for viral resistance. While the metabolic alteration in ~ Contrary to glycolysis and ETC, metabolic and chemical
SARS-CoV-2 infected immune cells has been well stud- activation of the TCA cycle by pyruvate, fatty acids, and
ied, the metabolism of infected non-immune cells was  NR suppressed the replication of MHV. When glucose-
not investigated though the host immune system acts fol-  derived pyruvate can serve as main substrate for lung
lowing viral replication in epithelial cells [42]. Hence, our = TCA cycle [43], we observed that non-glucose metabo-
study investigated the physiology of coronavirus on non- lites also could induce the TCA cycle of human bronchial
immune cells, mainly focusing on the regulation of viral  epithelial Calu-3 cells (Additional file 1: Fig. S3), suggest-
replication by exerting metabolic intervention on TCA  ing possibility for their use for SARS-CoV-2 amelioration
cycle. As a result of metabolic hijacking by MHYV, glyco-  in lung. Particularly, NR may present high potential as a
lysis was increased while TCA cycle and OXPHOS were  clinical therapeutic agent against coronavirus replication
decreased. Consistent to immune cells and lung cells [12,  with its known safety in humans.
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In fundamental nutritional deprivation triggered with
an undernourished medium, which contains very low
glucose (50 mg/dl) without pyruvate, cells can exploit lit-
tle glycolysis. Hence, undernourishment and glycolysis
inhibition similarly inhibited viral replication. Under-
nourishment also reduces glucose-derived subtrates for
ETC complexes which produce cellular energy by oxi-
dative phosphorylation [44]. Therefore, when cells were
treated with ETC complex inhibitors and ion-gradient
destroyer, they were remarkably resistant to viral infec-
tion similar to undernourished cells. These results could
be assumed that cells become resistant to viral infection
when cellular glycolysis and energy production are inhib-
ited. However, these chemicals are yet to be applied in
clinic since the data is lacking whether host can be pro-
tected from toxicity of those drugs.

Cellular energy production depends on mitochondria,
and glucose, long-chain fatty acids (LCFA), and glu-
tamine are main sources for mitochondrial metabolism,
including TCA cycle. As a major nutrition source, glu-
cose is oxidized to pyruvate by glycolysis, and pyruvate
is oxidized to acetyl-CoA to run TCA cycle. Although
inhibition of glycolysis, which can produce pyruvate, sup-
pressed MHYV replication, pyruvate and pyruvate oxida-
tion suppressed MHV replication. Additionally, as viral
replication was increased by inhibition of pyruvate oxida-
tion, the viral-inhibitory effect of pyruvate supply could
be involved with acetyl-CoA production and its media-
tion in the TCA cycle. In a study, it has been well shown
that SARS-CoV-2 replication was increased by glucose,
while not increased by pyruvate [12], suggesting SARS-
CoV-2 virulence is increased only by glycolytic steps
before pyruvate production. Similarly, our results show
that MHV replication can be induced by glucose meta-
bolic steps before pyruvate production, whereas it is sup-
pressed by pyruvate and pyruvate oxidation step.

We further evaluated whether LCFA (palmitic acid and
oleic acid) and glutamine, TCA cycle substrates, derived
mitochondrial metabolisms affect virulence. While LCFA
and glutamine both participate in TCA cycle, the meta-
bolic pathway is different; LCFA are oxidized into acetyl-
CoA by fatty acid oxidation [45], whereas glutamine is
converted to alpha-ketoglutarate [46]. In our results,
treatments of LCFA and glutamine suppressed viral
replication. Etomoxir treatment, which inhibits LCFA
conversion to acetyl-CoA, also showed recovery of viral
replication from LCFA treatment, suggesting TCA cycle
induction is necessary for their metabolic intervention.
Nonetheless, an inhibitor of glutaminase could not show
consistency in subsequent results, suggesting glutamine
is not an on-target metabolite for TCA cycle induction
for viral suppression.
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Although TCA cycle products are linked to activa-
tion of ETC, TCA cycle and ETC are metabolically
different as NADH is either produced or consumed
by those respective processes. Additionally, ATP pro-
duction by ETC lowers NADH level, whereas ETC
inhibition heightens NADH level. Hence, MHV sup-
pression by TCA cycle activation and ETC inhibition
must be related to increase of NADH level. According
to previous literature, NAD™ level was suggested to
be inversely correlated to SARS-CoV-2 induced death
as elderly people decreases NADT [47]. Mechanisti-
cally, in silico analysis of the study predicted molecular
docking of NADT and NADH with the main protease
of SARS-CoV-2 [47], which is responsible for the con-
trol of viral replication and life cycle [48]. Furthermore,
one hypothesis suggested that NAD™ depletion leads to
SirT1 inactivation leading to a hyperinflammatory state
of the host [49] whereas another theoretical study also
suggested that NAD+ inhibits PARP-1 and thereby pre-
vents pro-inflammatory cytokine [50]. Based on previ-
ous literatures, our study used NR to increase NAD™ or
NADH level, because NR is known to synthesize NAD™
[51], and observed the significant suppression of viral
replication by NR. Since NAD" can be converted to
NADH by the TCA cycle, DCA and NR synergistically
activated the TCA cycle and stimulated the suppression
of viral replication. Although metabolites can lower
the cellular pH, we could not observe a significant rele-
vance between pH of metabolites-incubated cell culture
medium and viral suppression (Additional file 1: Fig.
S4), suggesting NR suppresses viral replication regard-
less of pH fluctuation in the host cell. We suggest NR,
the supplier of TCA coenzyme and activator of TCA
cycle, as a high potential anti-coronavirus drug.

In clinical therapy, oral supplementation of L-glu-
tamine reduced hospitalized time of COVID-19
patients [52], and a nasal spray of sodium pyruvate
suppressed symptoms of COVID-19 in the respiratory
system (NCT04824365). Our findings provide basic
evidence supporting those clinical reports. Further-
more, we highlight the therapeutic potential for activat-
ing TCA cycle to reduce hospitalized patients’ severity,
since previous studies observed TCA cycle impairment
in SARS-CoV-2 infection [14, 15]. Particulary, as the
safe metabolite, we suggest NR as a novel therapeutic
strategy for COVID-19 that can immediately be used in
the clinic.

Conclusions

In present study, we showed that TCA cycle activa-
tion by chemicals and metabolites restrains replica-
tion of MHV. Through these results, we suggest novel
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therapeutic approach by exerting metabolic interven-
tion to TCA cycle, particularly with use of NR, against
SARS-CoV-2.

Methods

Reagents

Reagents used for experiments: 2-deoxy-D-glucose
(D0051, TCI), vr-phenylalanine (P0134, TCI), oligo-
mycin A (75351, Sigma-Aldrich), rotenone (R8875,
Sigma-Aldrich), FCCP (C2920, Sigma-Aldrich), sodium
pyruvate (11360070, Gibco), sodium dichloroacetate
(347795, Sigma-Aldrich), palmitic acid (P0500, Sigma-
Aldrich), oleic acid (01008, Sigma-Aldrich), L-glutamine
(LS002-01, Welgene), CPI-613 (SML0404, Sigma-
Aldrich), (+4)-Etomoxir sodium salt hydrate (E1905,
Sigma-Aldrich), BPTES (SML0601, Sigma-Aldrich), nic-
otinamide riboside chloride (SMB00907, Sigma-Aldrich),

RNA isolation, reverse transcription, and qRT-PCR

RNA was extracted from DBT cells. After homogeniza-
tion with the Trizol reagent, homogenates were mixed
with chloroform and centrifuged to collect supernatant.
Following incubation of supernatant with isopropanol,
RNA pellets were washed with ethanol and dissolved in
DEPC-treated water. cDNA was synthesized with 1pg
of total RNA by using a reverse transcriptase kit (SG-
c¢DNAS100, Smartgene, Daejeon, Korea) according to
the manufacturer’s protocol. Quantitative PCR (real-time
PCR) was carried out using specific primers (Table 1),
Excel Taqg Q-PCR Master Mix (SG-SYBR-500, Smart-
gene), and Stratagene Mx3000P (Agilent Technologies)
equipped with a 96-well optical reaction plate. All experi-
ments were repeated in triplicates, and the mRNA values
were calculated based on the cycle threshold and moni-
tored for a melting curve.

Table 1 Primers used for real-time PCR
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Western blot

Protein was extracted from DBT cells by homogeniza-
tion with T-PER buffer. After electrophoresis, gels were
blotted to a PVDF membrane, and the membrane was
blocked and incubated with primary antibodies. After
overnight incubation, the membranes were washed and
incubated with secondary antibodies (Goat anti-Rabbit
IgG HRP; Catalog # 31460, Goat anti-Mouse IgG HRP;
Catalog # 31430, Thermo Fisher Scientific). The bands
were observed with ECL solution (XLS025-0000, Cyana-
gen) after washing three times.

The following primary antibodies were used: Glycolysis
Antibody Sampler Kit (CST, #8337), B-actin (sc-130,656,
Santa Cruz Biotechnology) and SPIKE (mouse monoclo-
nal, homemade).

Cell culture

All cell culture reagents were purchased from Welgene
(Gyungsan, Korea). DBT mouse brain tumor cells were
maintained at 37°C in a 5% CO, atmosphere in DMEM
(Welgene, LM001-05) supplemented with 5% (vol/vol)
fetal bovine serum, penicillin (100 U/mol), and strep-
tomycin (100 pug/ml). For virus inoculation, serum-free
DMEM was incubated with virus for 1h and medium was
changed to DMEM containing FBS. pH was measured
by using BCECFE, AM (2;7’-Bis-(2-Carboxyethyl)-5-(and-
6)-Carboxyfluorescein, Acetoxymethyl Ester) (B1170,
Thermo Fisher Scientific).

Cell viability

Cell viability was measured by staining cells with trypan
blue. Viable cells were counted and calculated relative to
control group.

Measurements of ECAR and OCR
MHV-infected DBT cells were cultured in seahorse
cell culture plate. Cells were then starved with DMEM

Gene name Upper primer (5'-3’) Lower primer (5'-3) Species
Ogdh AAT GCT GAG CTG GCCTGGTG TCAGGT GIGTTTTCTTGTTGC C Mouse
Suclg? CTG TGC CAT CATTGC CAA CG ATG GGG AGT CCG CTG CTCTT Mouse
Mdh2 ATG CTG GAG CCCGCTTTGTC CAG GGATAG CCT CGG CAATC Mouse
Atp5b GTA CTG GAT TCA GGG GCA CC CTATGA ACT CAG GAG CCT CAG C Mouse
Ndufbs CGA GCTTGC AGA AAT CCC AGA AGG C GTC CAT CAC CTC GGG CACGCATCAG Mouse
Rplp0 GCA GCA GAT CCG CAT GTC GCT GAG CTG GCA CAG TGA CCT CAC Mouse
CCG ACG G
MHV CAC GAG CCGTAG CATGTTTA GAA GCT CCA CCA GCT ACC AG Mouse
Rplp0 TCG ACA ATG GCA GCATCT AC GCCTTG ACCTTT TCA GCA AG Human
Ogdh GGA ATC AGC ACTTCCTCT GC AGG GTC CGTTTCTCCTCATT Human
Idh3a AAC ATC ATG CGG ATG TCA GA CAATGTTGC CACTTG GTGTC Human
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medium (glucose 4500mg/1, w/o EBS) for 5h to remove
endogenous hormones and incubated with low glu-
cose-DMEM medium (glucose 500mg/l, w/o FBS) for
1h. Cells were decarboxylated for 40min to 1h in XFp
medium (103575-100, Agilent technologies) containing
same amount of glutamine, sodium pyruvate, and glu-
cose compared to medium in which cells were grown. For
glycolysis measurement, glucose (25mM) was used and
ECAR was measured. For ATP production measurement,
oligomycin (2uM) was used and OCR was measured.
Seahorse XFp analyzer (Agilent technologies) and Sea-
horse XFp, XFp FluxPak (103022-100, Agilent technolo-
gies) were used for experiment.

Statistical analysis

Data are reported as mean =+ standard deviation. Differ-
ences between the means were assessed using Student’s
t-test and one-way ANOVA followed by a tukey’s mul-
tiple comparison test. All statitiscal analyses were per-
formed using the GraphPad Software (GraphPad Inc.,
San Diego, CA, USA).

Abbreviations

MHV: Mouse hepatitis virus; HK2: Hexokinase 2; PFKP: Phosphofructokinase,
platelet; PKM1/2: Pyruvate kinase M1/M2; Ogdh: Alpha-ketoglutarate dehy-
drogenase; Suclg: Succinyl-CoA ligase; Mdh2: Malate dehydrogenase 2; Atp5b:
ATP synthase F1 subunit beta, mitochondrial; Ndufb5: NADH:Ubiquinone
Oxidoreductase Subunit B5; OCR: Oxygen consumption rate; ECAR: Extracel-
lular acidification rate.
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Additional file 1: Figure S1. Suppressed mitochondrial energy metabo-
lism by glycolysis inhibitors. Extracellular acidification rates and oxygen
consumption rates were measured before and after oligomycin treatment.
Rate changes were normalized relative to baseline. DBT cells were treated
for 30 h as indicated; 2-DG (2-deoxyglucose, 1TmM), PHA (phenylalanine,
0.5 mM). Values represent means = SD. *, p < 0.05. One-way ANOVA
followed by a tukey’s multiple comparison test was performed. All experi-
ments were repeated at least 3 times. Figure S2. Cell viability of DBT cells
treated for 30 h as indicated; 2-DG (2-deoxyglucose, T mM), PHA (phenyla-
lanine, 0.5 mM), Pyr (pyruvate, 0.5 mM), DCA (dichloroacetate, 20 mM), NR
(nicotinamide riboside, 400 uM), Omy (oligomycin, 2 uM), Rot (rotenone,

1 uM), FCCP (30 uM), FA (fatty acids, 10 mM), GIn (glutamine, 8 mM). Values
represent means = SD. *, p < 0.05. One-way ANOVA followed by a tukey's
multiple comparison test was performed. All experiments were repeated
at least 3 times. Figure S3. Gene expression of TCA cycle in Calu-3 cells
treated for 24 h as indicated; FA (fatty acids, 10 mM), NR (200 pM). Rplp0
was used for an internal control. Values represent means =+ SD. *, p < 0.05.
Student’s t-test was performed. All experiments were repeated at least 3
times. Figure S4. Intracellular pH of DBT cells treated for 24 h as indicated;
Replete (Rep; glucose 450 mg/dl, pyruvate 0.5 mM), undernourished
(glucose 50 mg/dl, pyruvate 0 mM), 2-DG (2-deoxyglucose, 1 mM), PHA
(phenylalanine, 0.5 mM), Pyr (pyruvate, 0.5 mM), DCA (dichloroacetate,

20 mM), Omy (oligomycin, 2 uM), Rot (rotenone, 1 uM), FCCP (30 uM), FA
(fatty acids, 10 mM), GIn (glutamine, 8 mM). Values represent means +
SD.*, p < 0.05. Student’s t-test and one-way ANOVA followed by a tukey’s
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multiple comparison test were performed. All experiments were repeated
at least 3 times.
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