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Abstract: Human mitochondria contain a circular genome that encodes 13 subunits of the oxidative
phosphorylation system. In addition to their role as powerhouses of the cells, mitochondria are also
involved in innate immunity as the mitochondrial genome generates long double-stranded RNAs
(dsRNAs) that can activate the dsRNA-sensing pattern recognition receptors. Recent evidence shows
that these mitochondrial dsRNAs (mt-dsRNAs) are closely associated with the pathogenesis of human
diseases that accompany inflammation and aberrant immune activation, such as Huntington’s disease,
osteoarthritis, and autoimmune Sjögren’s syndrome. Yet, small chemicals that can protect cells from a
mt-dsRNA-mediated immune response remain largely unexplored. Here, we investigate the potential
of resveratrol (RES), a plant-derived polyphenol with antioxidant properties, on suppressing mt-
dsRNA-mediated immune activation. We show that RES can revert the downstream response
to immunogenic stressors that elevate mitochondrial RNA expressions, such as stimulation by
exogenous dsRNAs or inhibition of ATP synthase. Through high-throughput sequencing, we find
that RES can regulate mt-dsRNA expression, interferon response, and other cellular responses induced
by these stressors. Notably, RES treatment fails to counter the effect of an endoplasmic reticulum
stressor that does not affect the expression of mitochondrial RNAs. Overall, our study demonstrates
the potential usage of RES to alleviate the mt-dsRNA-mediated immunogenic stress response.

Keywords: resveratrol; Sjögren’s syndrome; innate immunity; immunogenic stress; dsRNA stress;
oligomycin A; tunicamycin; mitochondrial double-stranded RNAs

1. Introduction

Human mitochondria contain a compact circular genome of 16,569 DNA base pairs
that encodes 13 protein-coding genes as well as 2 rRNAs and 22 tRNAs [1]. The proteins
encoded by the mitochondrial genome are all subunits of the complexes participating in
the oxidative phosphorylation system to produce cellular ATPs [2]. In addition to their
traditional role as the powerhouses of the cells, one emerging function of mitochondria
is the regulation of innate immunity [3]. The outer membrane of mitochondria hosts
mitochondrial antiviral-signaling proteins (MAVS) that act as essential downstream factors
for melanoma differentiation-associated protein 5 (MDA5) and retinoic acid-inducible
gene-I (RIG-I) to drive innate immunity against double-stranded RNAs (dsRNAs) [4]. In
addition, mitochondrial DNA (mtDNA) can also trigger innate immunity as its unique
methylation pattern makes it appear to be of foreign origin [5]. In this context, the mtDNA
acts as an agonist for Toll-like receptor 9 (TLR9) and induces a type I interferon (IFN)
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response via the cytosolic cyclic GMP-Amp synthase (cGAS)-stimulator of the interferon
genes (STING) pathway [6,7].

Recently, mitochondrial RNAs (mtRNAs) have been receiving increasing attention
as potent inducers of innate immunity [8–10]. Due to the bidirectional transcription of
the circular genome, the mtDNA produces long complementary RNAs that can bind
to each other to form intermolecular dsRNAs [11]. When released to the cytosol, these
mitochondrial dsRNAs (mt-dsRNAs) are recognized by MDA5 and protein kinase R (PKR)
to trigger the type I IFN response and initiate apoptotic programs [8–10,12]. The cytosolic
efflux of mt-dsRNAs occurs through the Bax/Bak pore either due to mutations in the
polyribonucleotide nucleotidyltransferase 1 (PNPT1) gene or by stressors that disturb the
mitochondrial membrane potential [8–10,12]. Notably, recent studies reported a close
association between the cytosolic release of mt-dsRNAs in the pathogenesis of human
inflammatory diseases and aberrant immune activation. For instance, under alcohol-
induced liver injury, mt-dsRNAs are released to the cytosol and even to the extracellular
space via exosomes, where they activate TLR3 in neighboring cells [13]. Moreover, under
osteoarthritis-eliciting conditions, such as mitochondrial dysfunction, increased levels of
reactive oxygen species (ROS), and DNA damage, mt-dsRNAs are released to the cytosol,
where they activate PKR to promote chondrocyte death [10]. Lastly, activation of antiviral
signaling by exogenous dsRNAs also results in aberrant accumulation and the subsequent
cytosolic release of mt-dsRNAs to promote downstream immune signaling pathways [9]. In
this context, mt-dsRNAs act as positive feedback factors to potentiate the antiviral signaling
initiated by the exogenous dsRNAs [9].

The activation of antiviral signaling by mt-dsRNAs can be reduced by triggering
autophagy [10]. A recent study reported that autophagy inducers such as torin-1 or met-
formin protected cells during mitochondrial stress by removing cytosolic mt-dsRNAs and
subsequently preventing PKR activation. In addition, blocking the cytosolic release of
mt-dsRNAs through the action of muscarinic agonist acetylcholine also protected cells
from mt-dsRNA-mediated potentiation of antiviral signaling [9]. Based on this evidence,
we asked whether enhancing mitochondrial function and protecting mitochondria from
external stressors through antioxidant resveratrol (RES) could be another potential strategy
for deactivating or preventing the activation of antiviral signaling. RES is a naturally
occurring phenolic product abundantly found in grape skins and wines [14]. It is known to
exhibit antioxidant properties both in vitro and in vivo settings through the activation of
sirtulin 1 (SIRT1), mammalian nicotinamide adenine dinucleotide (NAD+)-dependent his-
tone deacetylase that promotes mitochondrial function and protects the cells from oxidative
stress [15]. Through SIRT1 activation, RES has demonstrated its ability as a neuroprotective
agent by rescuing retinal neuronal cell death in diabetic mice [16]. Moreover, RES also
shows antiviral effects in a wide range of human and animal viruses by interfering with
the viral life cycle [17,18]. Considering the close association of mitochondrial function with
diabetes and in response to viral infection, RES may also function to prevent the activation
of antiviral signaling by mt-dsRNAs.

In this study, we investigated the potential of utilizing RES as a protective agent against
immunogenic stressors that trigger the mt-dsRNA-mediated antiviral response. We first
examined whether RES pretreatment affected the cellular response to exogenous dsRNAs
by transfecting cells with polyinosinic-polycytidylic acid (poly I:C), a synthetic dsRNA
that mimics viral infection. In particular, we examined the expression of key downstream
effectors activated by poly I:C transfection using high-throughput sequencing. As an
alternative method to induce the expression of mt-dsRNAs, we examined the effect of RES
on mitochondrial stressor oligomycin A (OA). As a comparison, we used tunicamycin (TN)
to examine the effect of RES during endoplasmic reticulum (ER) stress. Collectively, our
study demonstrates the potential use of RES in protecting cells from mt-dsRNA-mediated
activation of antiviral signaling during immunogenic stress.
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2. Results
2.1. RES Prevents the Autoimmune Response by Exogenous dsRNAs

We began our investigation by analyzing the effect of RES on cellular response to poly
I:C stimulation. We recently reported that transfecting poly I:C to human salivary gland
acinar cells (NS-SV-AC) increased cellular mt-dsRNA levels and promoted the cytosolic
release of mt-dsRNAs [9]. These mt-dsRNAs in the cytosol were then recognized by PKR
and activated the kinase to potentiate the antiviral response initiated by poly I:C [9]. Of
note, the poly I:C stimulation of salivary gland cells is commonly used to study the aberrant
immune activation that drives the development of primary Sjögren’s syndrome (SS), a
systemic autoimmune disease characterized by dysfunction in exocrine glands [9,19–21].
Consistent with our in vitro data, elevated mt-dsRNA expression was also observed in the
saliva and tear samples of SS patients, and the expression of mt-dsRNA correlated with
secretory dysfunction in patients [9]. Considering that antioxidant RES administration
resulted in significant improvement in the salivary gland function of the non-obese diabetic
mice (an in vivo model of SS) [22], we asked whether RES could counter the cellular
response to poly I:C in NS-SV-AC cells at the molecular level.

Similar to our previous study [9], we cultured NS-SV-AC cells as 3D spheroids by em-
ploying a poly(2,4,6,7-tetravinyl-2,4,6,8-tetramethyl cyclotetrasiloxane) (pV4D4) functional
polymer thin-film platform to consider the physiology of exocrine glands [23]. First, we
confirmed that poly I:C stimulation led to the elevation of mtRNA transcripts in NS-SV-AC
spheroids (Figure 1A). We then performed mRNA-seq analysis on NS-SV-AC spheroids
transfected with poly I:C and showed significant induction of several IFN-stimulated genes
(ISGs) relevant to SS, such as MX2, MX1, and IFI27 [24,25] (Figure 1B, left columns). The
degree of these ISG inductions was then compared with spheroids that were pretreated with
RES 24 h prior to poly I:C transfection (Figure 1B, right columns). Here, we pretreated cells
with 20 µM of RES because previous studies reported that low doses of RES ranging from
3–30 µM protected cells from oxidative stress by decreasing mitochondrial ROS production
while increasing the expression of SIRT1 and its downstream antioxidant proteins, such as
peroxisome proliferator-activated receptor gamma coactivator-1α (PGC-1α) and nuclear
respiratory factor 1 (NRF-1) [26–31].

According to our mRNA-seq result, we found that out of 36 genes relevant to type
I IFN, 23 genes showed more than a 1.5-fold degree of reduced induction, with p-values
less than 0.05 (Figure 1B). Of note, we consider a gene “rescued” when the effects of poly
I:C-triggered mtRNAs and ISG induction were reversed via RES treatment. We further
confirmed the mRNA-seq results using RT-qPCR and validated that eight out of nine
genes showed a statistically significant reduction in expression (Figure 1C). Next, we
assembled the top 200 genes that showed a statistical rescue effect upon RES treatment, and
performed gene ontology (GO) analysis to reveal that genes related to an antiviral immune
response (both type I and type II IFN responses) were restored in RES-pretreated spheroids
(Figure S1A,B). In addition to IFN responses, RES also reversed gene expressions related
to chemoattractant, lymphocyte chemotaxis, and regulation of viral genome replication,
indicating that RES pretreatment countered the poly I:C-triggered gene expression changes
globally (Figure S1B).

As the increased dsRNA expression by poly I:C transfection also initiated apoptotic
programs, we performed an acid phosphatase assay (APH) to examine the effect of RES
on cell proliferation (Figure 1D). While poly I:C transfection decreased cell viability by
15%, this reduction was restored by 14.5% in cells pretreated with RES. Ultimately, we
investigated whether the apparent rescue effect of RES pretreatment was attributable to
changes in mtRNA expression. Similar to ISG induction, five out of eight mtRNAs showed
a statistically significant rescue effect upon RES pretreatment prior to poly I:C transfection
(Figure 1E).
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ment on cell viability. n = 4 and error bars are s.e.m. (E) The ratios of mtRNAs induction upon poly 
I:C transfection between RES-pretreated and control samples. For ratios, Cq values were first nor-
malized to that of ACTB mRNA. For untreated samples, the values were normalized to RNAs from 
control cells without poly I:C transfection. Similarly, RNAs from RES-pretreated cells with poly I:C 
transfection were normalized separately from those from RES-treated cells without poly I:C. Unless 
mentioned otherwise, three independent experiments were carried out, and error bars denote s.e.m. 
All statistical significances were calculated using one-tailed Student’s t-tests; * p ≤ 0.05, ** p ≤ 0.01, 
and *** p ≤ 0.001. 

The poly I:C stimulation in NS-SV-AC spheroids is known to mimic the glandular 
characteristics of SS, such as the disruption of tight junction complex (TJC) proteins and 
water channel proteins [32,33]. Based on the previous reports [32–34], we examined the 

Figure 1. RES alleviated the IFN response by poly I:C. (A) The expression of mtRNAs in NS-SV-AC
cells upon poly I:C transfection. (B) Heatmap of mRNA-seq results upon poly I:C transfection with
or without RES pretreatment for type I IFN genes. The two columns represent log2 fold changes
of two biological replicates. (C) The ratios of ISG induction upon poly I:C transfection between
RES-pretreated and control samples. (D) The APH assay was used to measure the effect of RES
pretreatment on cell viability. n = 4 and error bars are s.e.m. (E) The ratios of mtRNAs induction
upon poly I:C transfection between RES-pretreated and control samples. For ratios, Cq values were
first normalized to that of ACTB mRNA. For untreated samples, the values were normalized to RNAs
from control cells without poly I:C transfection. Similarly, RNAs from RES-pretreated cells with
poly I:C transfection were normalized separately from those from RES-treated cells without poly
I:C. Unless mentioned otherwise, three independent experiments were carried out, and error bars
denote s.e.m. All statistical significances were calculated using one-tailed Student’s t-tests; * p ≤ 0.05,
** p ≤ 0.01, and *** p ≤ 0.001.

The poly I:C stimulation in NS-SV-AC spheroids is known to mimic the glandular
characteristics of SS, such as the disruption of tight junction complex (TJC) proteins and
water channel proteins [32,33]. Based on the previous reports [32–34], we examined the
expression patterns of two TJC proteins, Zonula occludens-1 (ZO-1) and occludin, as well
as aquaporin-5 (AQP5) water channel protein as readouts for the effects of RES. Of note, we
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generated and analyzed NS-SV-AC cells with a stable expression of AQP5-GFP under the
constitutive promoter for robust analysis of AQP5 expression in the 3D spheroids. Upon
RES pretreatment, we found that the expression levels of the aforementioned proteins
were all restored nearly completely (Figure 2A,B). Quantification of the image data clearly
showed that the signal intensities of both ZO-1 and occludin were not affected by poly I:C
in the RES-pretreated cells. A similar effect was observed for AQP5.
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Figure 2. RES pretreatment rescued SS-related protein expressions. (A) Representative images of
ZO-1 and occludin upon poly I:C transfection with or without RES pretreatment. The quantification
of ZO-1 and occludin expressions is presented as the mean fluorescence intensity per spheroid.
Intensities were normalized to the data from each experimental group cultured without poly I:C. n = 3
and error bars are s.e.m. (B) Visualization of GFP-tagged AQP5 expression upon poly I:C transfection.
The scale bar represents 100 µm. The mean fluorescence intensities were normalized to the data
from each experimental group cultured without poly I:C. In the bar graphs, the “–“ sign indicates
RES-untreated/Mock-transfected, whereas the “+” sign indicates RES-treated/poly I:C-transfected.
n = 3 and error bars are s.e.m. All statistical significances were calculated using one-tailed Student’s
t-tests; * p ≤ 0.05, ** p ≤ 0.01.

2.2. Mitochondrial Stressor OA Induces mtRNA Expression

In addition to the role of RES in protecting cells from autoimmune responses to poly
I:C [22,35–37], we asked whether the antioxidant could also rescue the downstream effects
of other types of cellular stressors. For the rest of the investigation, we switched the experi-
mental system to the HCT116 colorectal carcinoma cell line because ROS production and
the subsequent oxidative stress are often associated with colorectal cancer progression [38].
In particular, metastasis of colorectal cancer is developed from various signaling pathways
regulated by ROS production and oxidative stress [39–41]. Moreover, antioxidant and
anti-inflammatory effects are becoming increasingly important in preventing colorectal
cancer because oxidative stress can trigger fibrosis and tissue injuries in colorectal cancer
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patients with chronic inflammation in the gastrointestinal tract [40,42–45]. Therefore, we
examined the effect of immunogenic stressors that could induce an inflammatory response
in HCT116 cells and investigated whether RES could counter their downstream effects.

Similar to our study using NS-SV-AC cells, we first analyzed the effect of poly I:C
stimulation and found that the poly I:C resulted in significant upregulation of mtRNAs
in HCT116 cells (Figure 3A). All examined mtRNAs showed at least a three-fold increase
in expression seven h after poly I:C transfection. We then expanded our investigation
to examine the potential rescue effect of RES on other immunogenic stressors that might
exert their effects via mtRNAs. We chose OA and TN as two representative stressors
that target mitochondria or ER, respectively. OA is an inhibitor of ATP synthase in the
electron transfer system often used to induce mitochondrial dysfunction [10,46,47], and TN
is known to induce ER stress by promoting the accumulation of unfolded proteins in the
ER lumen [48–50]. With these stressors, we analyzed first whether they could induce the
expression of mtRNAs, and then whether RES could counter the downstream effects of
these stressors.

First, we treated HCT116 cells with OA and found that the expression levels of all
examined mtRNAs were increased significantly (Figure 3B). This result is consistent with
our recent report that mitochondrial dysfunction under osteoarthritis-eliciting conditions
resulted in the elevation of mt-dsRNA levels and subsequent PKR activation [10]. Next, we
treated HCT116 cells with TN, but we could not observe any significant change in mtRNA
expression except for CO3 mtRNA (Figure 3C).

We further analyzed the cellular response to OA or TN treatment through mRNA-seq
and found that the increase in mtRNA expression is more apparent in OA-treated cells than
in TN-treated cells (Figure 3D). Except for ND5 and ND6, mtRNAs showed an increase in
expression upon OA treatment (Figure 3D, left columns). Moreover, OA treatment induced
the expression of 24 out of 26 ISGs, including DDIT4, ISG20, OASL, IRF1, IRF7, IFI27, and
MMP1, as shown in the left three columns of Figure 3E. Clearly, increased expression of
mtRNAs correlated with the IFN response assessed by the induction of ISGs. The GO
analysis of OA-treated cells revealed the activation of pathways related to programmed cell
death, including the intrinsic apoptotic signaling pathway, apoptotic signaling pathway,
and regulation of the apoptotic signaling pathway (Figure S2A). Other pathways that were
significantly upregulated upon OA treatment included a response to the ER stress, response
to extracellular stimulus, epithelial cell migration, and a response to decreased oxygen
levels (Figure S2B).

In the case of TN-treated cells, the mRNA-seq analysis revealed decreased levels of
many mtRNAs, such as ND1, ND4, ND5, ND6, and CYTB (Figure 3D, right columns). No-
tably, the overall change in mtRNA expression was negligible in TN-treated cells compared
to OA-treated cells. Moreover, 20 out of 26 ISG levels were either unaffected or slightly
downregulated upon TN treatment (Figure 3E, right columns), thereby suggesting that
TN has only minor effects on mtRNA expression and the following ISG induction. While
changes in ISG levels upon TN treatment were not so evident, our mRNA-seq data clearly
revealed a significant increase in the expression of genes related to ER stress, such as ATF4,
XBP1, and ERN1 (Figure S3A). Indeed, our GO analysis revealed that pathways related
to cellular response to chemical stress, response to ER stress, and the regulation of the
apoptotic process were significantly activated (Figure S3B). More specifically, pathways
related to unfolded proteins, including the regulation of peptidyl-tyrosine phosphorylation,
the protein-containing complex assembly, and peptidase activity, were upregulated upon
TN treatment (Figure S3C). Overall, our data suggest that although TN treatment did
stimulate unfolded protein accumulation to induce ER stress and subsequent apoptosis,
such a response was not accompanied by an increase in mtRNA or ISG expression.
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using one-tailed Student’s t-tests; * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001.

2.3. RES Protects Cells from OA-Induced IFN Response

As OA treatment resulted in the induction of mtRNA and ISG expressions, we asked
whether RES treatment could counter such downstream responses, thereby protecting cells
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from mitochondrial stress by OA. We first analyzed the effect of RES treatment on OA-
induced cell death through a sulforhodamine B (SRB) assay. The OA treatment decreased
the cell viability by 61% (Figure 4A), which is most likely attributable to the apoptosis
induced by ATP synthase inhibition [51]. Interestingly, the reduction in cell viability was
restored by 18.2% upon RES treatment (Figure 4A). Of note, for the case of OA, we observed
a more promising rescue effect when RES was co-treated with OA rather than pretreated
24 h prior to the OA treatment. Therefore, for the subsequent analysis, we examined the
rescue effect of RES co-treated with OA.
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Figure 4. RES treatment alleviated cell death and IFN response to OA. (A) Cell viability upon OA
treatment with or without RES treatment measured using a SRB assay. (B) The ratios of mtRNA
induction upon OA treatment between RES-treated and control samples. (C) The ratios of ISG
induction upon OA treatment between RES-treated and control samples. For ratios, Cq values were
first normalized to that of ACTB mRNA. For untreated samples, the values were normalized to
RNAs from control cells without OA treatment. Similarly, RNAs from cells co-treated with RES and
OA were normalized separately from those from cells treated only with RES without OA. Unless
mentioned otherwise, three independent experiments were carried out, and error bars denote s.e.m.
All statistical significances were calculated using one-tailed Student’s t-tests; * p ≤ 0.05, ** p ≤ 0.01,
and *** p ≤ 0.001.

The expression of mtRNA was significantly decreased when RES was co-treated with
OA, with the exception of just one mtRNA (CO1) (Figure 4B). Following the decrease in
mtRNA expression, we examined selected ISGs that showed increased expression upon
OA treatment. All tested ISGs showed reduced expression when RES was treated with
OA (Figure 4C). Of note, we could not observe a statistically significant change in many
ISGs because the degree of induction in control cells was quite variable. However, we
consistently observed a reduced degree of induction for ISGs when cells were co-treated
with RES compared to those treated with OA alone. Hence, our data demonstrate that RES
is able to lessen the ISG response to mitochondrial stress by OA.

Unlike OA, RES did not induce a significant rescue effect on TN-treated cells (Figure S4).
Cell viability was decreased by 44% upon TN treatment, but no statistically significant
rescue effect was observed when RES was co-treated with TN (Figure S4A). Moreover,
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the mtRNA expression did not show statistically significant change upon co-treatment of
RES and TN, with the exception of CO3 (Figure S4B). Similarly, RES treatment with TN
did not lead to significant changes in ISG expression, with the only exception being ISG20
(Figure S4C). Lastly, we examined whether RES could rescue the ER stress response via
TN. When we analyzed the changes in expression levels of key ER stress response genes,
such as IRE1, HSPA5, GADD34, XBP1, and CHOP, we found that RES treatment did not
affect their induction via TN treatment in a consistent manner (Figure S4D). The expression
levels of PERK and CNAX mRNA did decrease with RES treatment, but the overall effect
was marginal. Altogether, our data suggest that antioxidant RES does not protect cells from
ER stress via TN treatment.

3. Discussion

Our study provides a potential application of RES in ameliorating aberrant immune
activation that involves mtRNAs. We first showed that RES pretreatment could protect
the glandular phenotypes of autoimmune disease SS triggered by the introduction of
poly I:C and subsequent activation of antiviral signaling. Notably, this protective effect
of RES was not limited to type I IFN response by poly I:C but also extended to other
molecular phenotypes, such as the disruption in TJC and water channel protein expression
patterns. In this context, our results are in line with the effect of RES on improving salivary
dysfunction in the mouse model of SS [22]. Further investigation of how RES is involved in
mtRNA regulation may help to provide an improved treatment strategy for autoimmune
SS patients.

To investigate the effect of RES in other pathophysiological conditions, we employed
two additional cellular stressors in a colorectal cancer cell line. Considering the active
role of ROS and the consequential oxidative stress in the progression and metastasis of
colorectal cancers [39–41], we examined whether RES could exert antioxidant and anti-
inflammatory effects to alleviate immunogenic stresses palpable in colorectal cancer, such
as mitochondrial and ER stresses. In our study, we found that RES protected cells from
mitochondrial dysfunction via OA treatment, which led to the elevation of both mtRNA
and ISG levels. On the contrary, RES did not protect cells from TN-triggered ER stress,
which only showed a marginal induction of ISGs and mtRNAs. Although our analyses
were limited to three different immunogenic stressors, our data suggest that RES might
attenuate the cellular response to stressors involving mtRNAs.

To the best of our knowledge, there have not been many attempts to understand
the role of RES on mtRNA expression. Previous studies reported that a low dosage of
RES in the range of 3–30 µM resulted in an increased number of mitochondria, mtDNA
copies, mitochondrial transcription factor (TFAM), and proteins encoded by the mito-
chondrial genome to support mitochondrial function [28,52,53]. Based on this evidence,
we presume that in healthy conditions, the antioxidant RES may play a supporting role
to ensure active mitochondrial biogenesis. On the contrary, under immunogenic stress
conditions that accompany increased mtRNA expression, RES may function to protect cells
by downregulating mtRNAs.

The potential mechanism behind the role of RES in reducing the mtRNA-mediated
immune response can be explained by the protective effects of RES on mitochondria [54–57].
RES exhibits both antioxidant and anti-inflammatory properties [58–60] by modulating sig-
naling pathways involved in improving mitochondrial structure and function [61,62]. RES
can also activate AMP-activated protein kinase (AMPK) and PGC-1α via SIRT1 to initiate
mitochondrial biogenesis and protect cells from a decreased metabolic rate [63–65]. More-
over, PGC-1α activates mitochondrial transcription factors such as NRF-1 and estrogen-
related receptor α (ERRα) to promote the expression of nucleus-encoded mitochondrial
proteins [66–68], including TFAM, TFB1M, and TFB2M, that participate in the regula-
tion of mtDNA homeostasis and mtRNA synthesis [69–71]. Lastly, RES can activate
sirtuin 3 (SIRT3) to stimulate the tricarboxylic acid (TCA) cycle, oxidative phosphorylation,
and fatty acid oxidation, thus enhancing mitochondrial function [72]. Altogether, RES
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protects mitochondria under stress by reinforcing mitochondrial function and preventing
aberrant mtRNA induction.

An alternative explanation is the ability of RES to modulate the antiviral signaling path-
ways. A myriad of previous studies reported that RES has antiviral properties by reducing
unnecessary ROS production [73] and by inhibiting the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) and extracellular signal-regulated kinase/mitogen-
activated protein kinase (ERK/MAPK) pathways [74,75]. Considering that NF-κB promotes
ISG induction through the activation of the interferon response and Janus kinase 1/sig-
nal transducer and is the activator of the transcription (JAK1/STAT) pathway [76], the
observed protective effect of RES can be explained by its ability to prevent the activation of
the JAK1/STAT pathway. Consistent with this, we previously showed that poly I:C-driven
elevation of mt-dsRNA expression was abolished when the small chemical inhibitor for
JAK1 upadacitinib was treated [9]. Overall, the antioxidant may contribute to lessening the
mtRNA-mediated cellular stress response by inhibiting the JAK1/STAT pathway activated
by the immunogenic stressors.

In sum, our study highlights the importance of antioxidant RES in attenuating mtRNA-
mediated cellular stress response to at least two immunogenic stressors (Figure 5). This
knowledge will have potential implications for the design of targeted therapies to remove
accumulated mtRNAs or facilitate the mtRNA decay to ultimately alleviate stress response
arising from various pathological conditions.
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4. Materials and Methods
4.1. Cell Culture and Chemical Treatment

A SV40-immortalized NS-SV-AC human salivary gland acinar cell line was kindly
provided by Professor Masayuki Azuma (Department of Oral Medicine, the University of
Tokushima Graduate Faculty of Dentistry, Tokushima, Japan). NS-SV-AC cells were grown
in Keratinocyte-SFM (Serum-free media; GIBCO, Waltham, MA, USA) supplemented with
10% (v/v) heat-inactivated fetal bovine serum (FBS; Welgene, Gyeongsan, South Korea) and
1% (v/v) 100× penicillin–streptomycin (GIBCO, Waltham, MA, USA). pGFP-hAQP5-C1
plasmid, a kind gift from Professor Kyung Pyo Park (Seoul National University, Seoul,
Republic of Korea), was used to develop the hAQP5-expressing NS-SV-AC cell line under
the constitutive promoter (G418 100 µg/mL selection). HCT116 human colorectal cancer
cells were grown in RPMI1640 (GIBCO) supplemented with 10% (v/v) FBS (Welgene). All
cells were maintained at 37 ◦C in a humidified 5% CO2 atmosphere.

To induce dsRNA stress for NS-SV-AC cells, 20 µg/mL of poly I:C (Sigma Aldrich,
St.Louis, MO, USA) was transfected using Lipofectamine 3000 (Thermo Fisher Scientific,
Waltham, MA, USA) for 14 h following the manufacturer’s guide. For HCT116 cells ob-
tained from the American Type Culture Collection (ATCC, Manassas, VA, USA), 10 µg/mL
of poly I:C (Sigma Aldrich) was transfected using Lipofectamine 3000 (Thermo Fisher Scien-
tific) for 7 h. As for the controlled mock transfection, Diethyl pyrocarbonate (DEPC)-treated
water was used. In HCT116 cells, 10 µg/mL of OA or 5 µg/mL of TN was treated. For the
control sample, the same volume of DMSO was treated.

RES stock solution of 20 mM was prepared by dissolving 4.565 g of RES powder
(Sigma Aldrich, R5010) in 1 mL of DMSO. The stock solution was then aliquoted into small
volumes (e.g., 20 µL) and stored at −20 ◦C until use. For NS-SV-AC cells, 20 µM of RES
was pretreated for 24 h prior to poly I:C transfection. Upon poly I:C transfection, the same
concentration of RES was treated once again. In HCT116 cells, 10 µM of RES was co-treated
with 10 µg/mL of OA or 5 µg/mL of TN for 24 h. The same volume of DMSO was treated
as the control in both cell lines.

4.2. Immunocytochemistry

Spheroids from pV4D4-coated plates were transferred to a 1.5 mL tube, and analy-
sis for 2D culture was performed on a confocal dish (SPL). Cells were fixed in 4% (w/v)
paraformaldehyde for 15 min at room temperature (RT). Fixed cells were then permeabi-
lized with 0.3% (w/v) triton-X-100 (Sigma Aldrich) in Dulbecco’s phosphate-buffered saline
(DPBS, Takara, Kusatsu, Japan) for 10 min at RT and blocked in 3% bovine serum albumin
(BSA100; Bovogen, Keilor East, Australia) for 1 h. Cells were incubated with primary
antibodies diluted in 1% BSA at a 1:100 ratio overnight at 4 ◦C. The primary antibodies
used in this study include: occludin (Invitrogen, Carlsbad, CA, USA; OC-3F10) and ZO-1
(Cell Signaling Technology, Danvers, MA, USA; 8193S). Cells were then washed with DPBS
and incubated with an Alexa fluor 488-conjugated anti-mouse secondary antibody (Thermo
Fisher Scientific; A31570) and an Alexa fluor 555 conjugated anti-mouse secondary antibody
(Thermo Fisher Scientific; A-21202) diluted at a 1:1000 ratio for 45 min at RT. DAPI was
incubated for 5 min. All the washing steps for spheroids consist of centrifugation (5 min,
200 g) and supernatant discarding. Fluorescent images were obtained using a confocal
laser-scanning microscope (LMS 880, Carl Zeiss, Oberkochen, Germany). The fluorescent
intensity per area was quantified as the integrated density divided by the area of each
spheroid and then normalized to the control without poly I:C transfection.

To visualize the expression levels of AQP5, NS-SV-AC cells with stable expression
of GFP-AQP5 were grown on pV4D4-coated plates as 3D spheroids. The spheroids were
then transferred to a 1.5 mL tube and fixed in 4% (w/v) paraformaldehyde for 15 min at
RT. Fixed cells were permeabilized with 0.3% (w/v) triton-x-100 (Sigma Aldrich) in DPBS
for 10 min at RT. Cells were then stained with DAPI for 5 min. Fluorescent images were
obtained using a confocal laser-scanning microscope (LMS 880, Carl Zeiss, Oberkochen,
Germany). The fluorescent intensity per area was quantified as described above.
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4.3. RNA Extraction and Quantitative Real-Time PCR

To extract total RNAs, TRIzol (Ambion, Foster City, CA, USA) was added directly
to the cell pellet obtained after centrifugation at 10,000× g for 30 s. After precipitation of
the extracted nucleic acids, DNase I (Takara, Kusatsu, Japan) was treated to remove DNA,
and purified RNA was reverse transcribed using RevertAid reverse transcriptase (Thermo
Fisher Scientific, Waltham, MA, USA). For RNAs extracted from 3D spheroids, SuperScript
IV Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) was used to synthesize cDNA.
cDNA was amplified using SYBR Green PCR master mix (Thermo Fisher Scientific) and
analyzed using the StepOnePlus real-time PCR system. Primer sequences used in this
study are provided in Table S1.

4.4. Acid Phosphatase Assay

Cells (or spheroids) were centrifuged for 10 min at 400 g for spin down. After washing
the pellets twice with DPBS, the supernatant was discarded to obtain the final volume of
100 µL. Then, 100 µL of APH assay buffer (0.1 M sodium acetate, 0.1% (v/v) triton-x-100,
2 mg/mL Immunopure PNPP (Sigma Aldrich) in deionized/distilled water) was added to
each well and incubated for 90 min at 37 ◦C with 5% CO2. After incubation, 10 µL of 1 N
NaOH was added, and absorption at 405 nm was analyzed on a microplate reader (BioTek,
Winooski, VT, USA). For each experiment, cell viability was normalized to the data from
the control group without poly I:C transfection.

4.5. Sulforhodamine B (SRB) Assay

To analyze cell viability after treatment of OA or TN with RES, cells were fixed
with a 10% (w/v) trichloroacetic acid solution in distilled water for 1 h at 4 ◦C. Cells
were washed with cold PBS 4 times and air-dried. Dried cells were stained with a 0.4%
(w/v) SRB (Sulforhodamine B sodium salt, Sigma Aldrich, St.Louis, MO, USA) solution
in 1% acetic acid for 30 min at RT. The cells were washed with 1% acetic acid 4 times
while protected from light. The air-dried dye was eluted with a 10 mM Tris (Bio-basic,
Markham, ON, Canada) solution (pH 10.5), and absorbance at 510 nm was measured using
a Varioskan LUX multimode microplate reader (Thermo Fisher Scientific). Cell viability
was normalized to the data from the control group without OA or TN treatment.

4.6. mRNA-seq Data Analysis

Read files were quality checked with FastQC (ver 0.11.5) (Babraham Institute, Cam-
bridge, UK). For poly I:C transfection and RES treatment, reads were aligned to the human
genome (hg38) using Hisat2 (ver 2.1.0, Johns Hopkins University, Baltimore, MD, USA) [77].
The aligned reads were quantified with StringTie (ver 2.0.4) (Johns Hopkins University,
Baltimore, MD, USA) [78] using the human gene annotation file version 32 from Gencode
as the index. For OA and TN treatment, reads were aligned to the human genome (hg38)
using the STAR aligner (ver 2.7.9) (Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY, USA) [79]. Reads were simultaneously quantified using the STAR aligner’s gene counts
option with human gene annotation file version 32 from Gencode as the index. Differen-
tially expressed genes (DEGs) were searched with DESeq2 (ver 1.30.1) (European Molecular
Biology Laboratory, Heidelberg, Germany) [80].

4.7. DEG Analysis

For DEG analysis, DESeq2 analysis [80] was performed separately in each of the
DMSO- and RES-pretreated groups. Within each group, raw counts of two replicates
with poly I:C transfection were compared against the raw counts of two replicates with
the control group (i.e., DEPC pretreatment). For OA and TN treatment, three biological
replicates were compared against three control replicates (i.e., DMSO treatment). The counts
were normalized by DESeq2 during analysis. The analysis yielded three separate lists of
DEGs, and the genes were ordered by the lowest adjusted p-values for further analysis.
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4.8. GO Analysis of DEGs

Among genes that show log2 fold change with p-values less than 0.05, the values of
DMSO (i.e., control) were subtracted from those of RES-pretreated RNAs to evaluate the
degree of rescue in the induction of gene expression. The top 200 genes that show the rescue
effects were assembled into a gene list for GO analysis. For OA and TN treatment, upreg-
ulated genes with log2 fold change over 0.585 compared to DMSO-treated samples, with
p-values less than 0.05, were subtracted and analyzed. GO analysis was performed using
ClueGo software (Cytoscape, v. 3.7.1, Institute for Systems biology, Seattle, WA, USA) [81].

4.9. Statistical Analysis

Quantitative RT-PCR data and APH assay results were analyzed using the one-tailed
Student’s t-test. All data were biologically replicated at least three times. The error bars
indicate the standard error of the mean. p-values ≤ 0.05 were regarded as statistically
significant. * denotes p-values ≤ 0.05, ** is p-values ≤ 0.01, and *** is p-values ≤ 0.001.
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