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Anti-inflammatory mechanisms of suppressors of cytokine
signaling target ROS via NRF-2/thioredoxin induction and
inflammasome activation in macrophages
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Suppressors of cytokine signaling (SOCS) exhibit diverse anti-
inflammatory effects. Since ROS acts as a critical mediator of
inflammation, we have investigated the anti-inflammatory mecha-
nisms of SOCS via ROS regulation in monocytic/macrophagic
cells. Using PMA-differentiated monocytic cell lines and primary
BMDMs transduced with SOCS1 or shSOCS1, the LPS/TLR4-
induced inflammatory signaling was investigated by analyzing
the levels of intracellular ROS, antioxidant factors, inflamma-
some activation, and pro-inflammatory cytokines. The levels of
LPS-induced ROS and the production of pro-inflammatory cyto-
kines were notably down-regulated by SOCS1 and up-regulated
by shSOCS1 in an NAC-sensitive manner. SOCS1 up-regulated
an ROS-scavenging protein, thioredoxin, via enhanced expres-
sion and binding of NRF-2 to the thioredoxin promoter. SOCS3
exhibited similar effects on NRF-2/thioredoxin induction, and
ROS downregulation, resulting in the suppression of inflamma-
tory cytokines. Notably thioredoxin ablation promoted NLRP3
inflammasome activation and restored the SOCS1-mediated inhi-
bition of ROS and cytokine synthesis induced by LPS. The results
demonstrate that the anti-inflammatory mechanisms of SOCS1 and
SOCS3 in macrophages are mediated via NRF-2-mediated thiore-
doxin upregulation resulting in the downregulation of ROS sig-
nal. Thus, our study supports the anti-oxidant role of SOCS1
and SOCS3 in the exquisite regulation of macrophage activation
under oxidative stress. [BMB Reports 2020; 53(12): 640-645]

INTRODUCTION

Inflammation is a front-line defense mechanism triggered by expo-
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sure to various antigens and involves primarily macrophages, neu-
trophils and dendritic cells. These cells recognize pathogens with
pattern recognition receptors such as TLRs, perform phagocyto-
sis, and regulate the activation of other cells by producing in-
flammatory cytokines (1).

The generation of reactive oxygen species (ROS) is a key fea-
ture of phagocytic cells via oxidative burst, which mediates many
aspects of inflammatory reactions (2). While ROS are essential
for anti-microbial defense via production of pro-inflammatory
cytokines, they have been implicated in diverse inflammatory
and autoimmune diseases (3, 4). ROS regulation is thus consi-
dered important in immune homeostasis. Indeed, ROS broadly
participate in the modulation of immune responses via activa-
tion of cellular signaling pathways involving tyrosine kinases,
tyrosine phosphatases, mitogen-activated protein kinases (MAPK),
and NF-«B (5, 6). However, the biological mechanisms under-
lying these processes are not always clear (7).

Lipopolysacharride (LPS) is a principal active agent, which
induces a strong inflammatory response by stimulating monocytes
and macrophages. LPS is recognized by TLR4, which then trig-
gers MyD88- and TRIF-dependent pathways, leading to the
activation of transcription factors NF-xB and IFN regulatory
factor 3 (IRF3), respectively, resulting in the production of inflam-
matory cytokines including TNF-o., IL-1, IL-6 and IFNs (8, 9).

Suppressor of cytokine signaling 1 (SOCS1) was first charac-
terized as a regulator of IFN-y-induced inflammatory responses,
via inhibition of Jak/STAT pathways (10). SOCS1 expression is
increased in macrophages following LPS exposure, and repre-
sents a negative feed-back mechanism of LPS signaling (11,
12). The inhibition of NF-kB, as well as the downregulation of
MyD88-associated adaptor (MAL) and TRAF6 by SOCS1 via
SOCS box-mediated protein degradation have been suggested
as possible modes of SOCS action regulating the LPS response
(13). However, the molecular mechanisms underlying SOCS1
regulation of pro-inflammatory cytokine production appear rather
complex involving both direct and indirect mechanisms (14).

We have previously reported the inhibitory action of SOCS1
on ROS-mediated signaling pathways during T cell apoptosis in
response to TNF-o. and oxidative stress (15). The anti-apoptotic
activity of SOCS1 was demonstrated using both over-expre-
ssion and knock-down systems, via protection of protein tyrosine
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phosphatases as well as direct interaction with Jaks required for
the apoptosis signaling. SOCS1 was induced as a protective
response to ROS-generating apoptotic stimuli, which represented
an intracellular defense mechanism against oxidative stress (15).

Since ROS also acts as a critical mediator of inflammatory
signaling, we have investigated the anti-inflammatory mechanism
of SOCS action in macrophages during LPS/TLR4 signal via
ROS regulation. Our data indicate that SOCS1 and SOCS3 atte-
nuate LPS/TLR4 signals leading to the induction of pro-inflam-
matory cytokines via ROS downregulation. Specifically, the inhi-
bition of inflammasome activation and induction of thiore-
doxin were suggested as mechanisms of SOCS action invol-
ving ROS suppression to inhibit IL-1f and IL-6, respectively. We
further demonstrate that the SOCS1-mediated upregulation of
thioredoxin expression involves NRF-2 transcription factor and
its binding to the thioredoxin promoter. Taken together, the
results of the present study strongly suggest ROS downregula-
tion as a mechanism of anti-inflammatory action of SOCS during
macrophage activation.

RESULTS

SOCS1 down-regulates intracellular ROS to suppress
LPS/TLR4 signaling for inflammatory cytokine production

In order to investigate the regulation mechanism of SOCS action
in inflammatory signaling, human monocytic cell lines (THP1)
expressing inflammatory receptors (e.g., TLRs) were used to esta-
blish SOCS1 over-expression or knock-down systems. Initially THP1
cells were subjected to viral transduction of Flag (mock) or Flag-
SOCS1 construct using retroviral vectors. Cells were then treated
with PMA to induce differentiation prior to stimulation with LPS,
a TLR4 agonist. While both mock and SOCS1-transduced cells
responded to PMA by up-regulating TLR4 expression, they ex-
hibited similar levels of surface TLR4 regardless of SOCS1
transduction (Supplementary Fig. 1). As LPS-induced ROS genera-
tion is thought to play a key role in the initiation of inflamma-
tory signaling, we have determined the intracellular ROS levels
upon LPS stimulation. The kinetics revealed that ROS levels
induced by LPS peaked in 15 to 30 min, followed by eventual
decline in 60 min. Notably, SOCS1-transduced cells showed a
substantial decrease in ROS levels when compared with mock
cells (Fig. 1A). LPS then induced production of inflammatory
cytokines such as TNF-a, IL-18 and IL-6 by 24 h. Upon SOCS1
over-expression, the production of these cytokines was promi-
nently reduced by 40% to 70% (Fig. 1B).

In contrast to cells over-expressing SOCS1, the SOCS1-ablated
cells exhibited significantly elevated ROS levels. Both the basal
and LPS-induced ROS levels were upregulated by shSOCS1 trans-
duction, which was abrogated by treatment with an anti-oxi-
dant NAC (Fig. 1C), indicating that SOCS1 negatively regulates
cellular ROS levels. The shSOCS1 cells induced a 2- to 3-fold
increase in TNF-a, IL-1B and IL-6 levels compared with mock
(sh) cells. NAC not only impaired LPS-induced pro-inflamma-
tory cytokine production in mock cells, but also almost com-
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Fig. 1. Inhibitory effects of SOCS1 on pro-inflammatory cytokine pro-
duction and ROS generation induced by LPS in THP1 human mono-
cytic cells and mouse BMDMs. Flag or Flag-SOCS1 THP1 cells were
differentiated by PMA. Cells were then either not treated (NT) or treated
with LPS (1 pg/ml) for the indicated duration. ROS levels were determined
(A). The culture supernatants were analyzed to measure inflammatory
cytokines by ELISA (B). The sh control and shSOCS1-transduced THP1
cells were stimulated with LPS with or without NAC pretreatment, after
which ROS (O) and cytokine levels (D) were determined. BMDMs from
C57BL/6 mice were transduced with mouse shSOCS1. The SOCST1
levels were analyzed by western blot (E). ROS levels in shSOCS1
cultures were analyzed as % increase over mock (sh) cultures (F). LPS-
induced cytokine production was determined by ELISA (G). Results re-
present means + SD obtained from three independent experiments per-
formed in triplicate (*P < 0.05; “n.s.).

pletely blocked the excessive cytokine production in shSOCS1
cells by 4 to 8 h (Fig. 1D). The data indicate that enhanced
ROS levels observed in SOCS1-ablated cells may be respon-
sible for the increased production of inflammatory cytokines.
The inhibitory effect of SOCS1 on LPS-induced ROS genera-
tion and cytokine production in primary cells was also analyzed
in bone marrow-derived macrophages (BMDMs) isolated from
C57BL/6 mice. The shSOCS1-transduced BMDM cultures exhi-
bited increased ROS levels compared with mock cultures. As
seen in THP1 cells, the LPS-induced inflammatory cytokine
levels were generally enhanced in SOCS1-ablated BMDMs (Fig.
1E-G).

The role of MAPKs and NF-«kB has been widely suggested in
the principal signaling pathways evoked by LPS/TLR4 for pro-
inflammatory cytokine production (16, 17). We found that the
early induction of p-Erk, pJnk, and p-p38 by LPS in THP1 cells
was reduced in SOCS1-expressing cells (Supplementary Fig.
2A). The NF«B activation, indicated by the peak nuclear p65
levels after 30 min, was also significantly down-regulated by
SOCS1 transduction. In addition, phosphoserine (pS)-STAT1 and
phosphotyrosine (pY)-STATs 1, 3 and 5 induced by LPS from
30 to 240 min, were significantly suppressed in SOCS1-over-
expressing cells (Supplementary Fig. 2A). In contrast, the LPS-
induced activation of MAPKs, NF-xB, and STATs was promoted
by SOCS1 ablation and completely inhibited by NAC, which
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again suggests ROS as a SOCS1 target during LPS-induced inflam-
mation signaling (Supplementary Fig. 2B).

The anti-oxidant NRF-2 and thioredoxin are selectively
upregulated by SOCS1

The above data indicate that the downregulation of intracellular
ROS by SOCS1 contributes to the anti-inflammatory effects of
SOCST1 in both monocytic/macrophagic cell lines and primary
macrophages, suggesting that ROS-scavenging proteins mediate
the action of SOCS1. Analysis of various anti-oxidant enzymes
revealed that thioredoxin is the primary target regulated by
SOCS1 and shSOCS1 (Fig. 2A and 2B). While LPS stimulation
of mock cells induced a gradual increment in thioredoxin mRNA
and protein levels, the basal levels of thioredoxin in SOCS1-
transdued cells were up-regulated and maintained at increased
levels upon LPS stimulation (Fig. 2A and 2C). In contrast, the
levels of other anti-oxidant enzymes such as catalase, SOD1,
and peroxidase were not significantly affected by SOCS1 or
shSOCST.

Next, to investigate the mechanism of thioredoxin upregulation
by SOCS1, the activation of NRF-2 transcription factor impli-
cated in the induction of anti-oxidant response genes was
analyzed (18). We have noted that NRF-2 levels were elevated
by SOCS1 over-expression, similar to increased thioredoxin levels
(Fig. 2D). Furthermore, the CHIP assay revealed that while
NRF-2 binding to the anti-oxidant response element (ARE) of
thioredoxin promoter was gradually increased by 60 min of
LPS treatment in mock cells, its binding was notably enhanced
in Flag-SOCS1 cells and maintained at high levels (Fig. 2E).
The results suggest that SOCS1 exhibits ROS-scavenging effects
by inducing thioredoxin mediated by the action of NRF-2 anti-
oxidant transcription factor.
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Fig. 2. Thioredoxin expression is upregulated by SOCS1 via increased
NRF-2 binding to the ARE of the thioredoxin promoter. THP1 cells
transduced with SOCS1 or shSOCS1 were stimulated with LPS and the
expression levels of antioxidant proteins were analyzed by immunoblot-
ting (A, B). Thioredoxin levels were confirmed in SOCS1-transduced cells
by RT-PCR (C). NRF-2 levels and NRF-2 binding to the ARE of
the thioredoxin promoter were assessed by immunoblotting and
CHIP assays as described in Supplementary Materials (D, E).
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SOCS3 exhibits similar inhibitory effects on LPS-induced ROS
and inflammatory cytokine production

We have also analyzed the effect of SOCS3 on LPS-induced
ROS signaling leading to inflammation response. Although
SOCS1 and SOCS3 share common structural features, they ex-
hibit cell type-dependent expression patterns with distinct roles
in inflammation (19).

The expression level of SOCS3 is found low in monocytes
and macrophages both in vitro and in vivo, unless exposed to
inflammatory stimuli (20, 21). While SOCS3 is induced by LPS
stimulation within 1 h in mock THP1 cells, the SOCS3-tranduced
cells show increased basal SOCS3 levels, which were main-
tained during LPS treatment. In these cells, a significant down-
regulation of LPS-induced ROS levels was correlated with in-
creased expression of NRF2 and TRX1 within 1 h (Fig. 3A and
3B). As in the case for SOCS1, the production of inflammatory
cytokines such as TNF-a,, IL-1B and IL-6 was strongly suppress-
ed in SOCS3-over-expressing cells (Fig. 3C). Therefore, similar
to SOCS1, SOCS3 exhibits prominent inhibitory effects on
inflammatory signaling during ROS regulation in response to
LPS.

Role of thioredoxin in SOCS1-mediated ROS regulation
and the suppression of LPS/ROS-induced inflammasome
activation by SOCS1

To evaluate whether the increase in thioredoxin levels is respon-
sible for ROS reduction in SOCS over-expressing cells, we
investigated the effect of thioredoxin transduction. First, it was
observed that thioredoxin gene transduction per se resulted in the
suppression of LPS-induced early ROS generation (Supplementary
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Fig. 3. Suppressive effects of SOCS3 on LPS-induced ROS and inflam-
matory cytokine production accompanied by increased NRF-2 and thio-
redoxin expression. THP1 cells transduced with Flag or Flag-SOCS3
were analyzed for LPS-induced intracellular ROS (A), NRF-2, thiore-
doxin and SOCS3 levels by Western blot (B), and inflammatory cyto-
kine production by ELISA (C).
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Fig. 3A). Next, to determine the role of thioredoxin in mediating
SOCS1 action, the effect of thioredoxin knock-down on LPS-in-
duced ROS generation and cytokine production was analyzed.
While Flag-SOCS1 cells exhibited increased thioredoxin and
reduced ROS levels, thioredoxin ablation with shTrx introduc-
tion into these cells triggered a robust increase in ROS gene-
ration by LPS at 30 min (Fig. 4A). The synthesis of inflamma-
tory cytokine IL-6 in both Flag and Flag-SOCS1 cells was upregu-
lated by thioredoxin depletion. Notably, the IL-6 level was re-
stored completely in Flag-SOCST1 cells upon thioredoxin ablation
both at 4 and 8 h after LPS stimulation (Supplementary Fig.
3B). The result suggests a critical role of thioredoxin in SOCS1-
mediated suppression of LPS-induced ROS and cytokine produc-
tion.

The production of inflammatory cytokines in activated macro-
phages by pathogen sensing occurs via inflammasome assembly,
a multi-molecular complex required for caspase 1 activation
(22). As inflammasome activation is triggered by ROS (23), we
examined the effect of thioredoxin on LPS-induced inflamma-
some activation leading to caspasel cleavage for IL-1p matura-
tion. NLRP3 inflammasome was first analyzed in LPS-primed
cells by ROS induction with nigericin. The shTrx-transduced
cells exhibited a substantial increase in LPS-induced NLRP3 levels,
which were further promoted by nigericin. The ASC oligomer for-
mation was induced by LPS and enhanced by nigericin treatment.
Subsequently, the shTRX1 transduction promoted the inflam-
masome assembly leading to caspase-1 cleavage and IL-1 pro-
duction, indicating that thioredoxin controls LPS/ROS-induced
NLRP3 inflammasome activation (Fig. 4B and 4C).

(TNF-q, IL15, IL6)

Fig. 4. Role of thioredoxin in SOCS1-induced suppression of LPS
response for ROS generation and inflammasome activation associated
with IL-1B production. Flag-SOCS1 THP1 cells were further transfected
with sh/shTrx1 and the intracellular ROS levels were analyzed follow-
ing LPS stimulation (A). The role of Trx1 and SOCST in LPS-induced,
ROS-promoted inflammasome activation was analyzed. Cells were
stimulated with LPS for 4 h and treated with nigericin (NIG) as
indicated. Activation of ASC, NLRP3 and caspase-1 was then analyzed
by immunoblotting and the secreted IL-1B protein was measured by
ELISA (B-E). The proposed model represents the inhibitory mechanism
of SOCS1 in TLR4 signaling leading to inflammatory cytokine produc-
tion via downregulation of ROS (F). The details are described in Sup-
plementary Materials.

http://bmbreports.org

Anti-inflammatory action of SOCS via ROS regulation
Ga-Young Kim, et al.

Next, we investigated the possibility that inflammasome activa-
tion downstream of TLR4 signaling is regulated by SOCST.
Flag-SOCS1 cells exhibited a significant attenuation of ASC
protein synthesis and the ASC oligomer formation induced by
the NLRP3 stimulant nigericin (Fig. 4D). This inhibition of assembly
correlated strongly with a lack of caspase-1 maturation into its
processed 20-kDa form and suppression of IL-1p production
(Fig. 4E). The data indicate that both SOCS1 and thioredoxin coun-
teract the LPS-induced inflammasome activation likely via ROS
regulation.

DISCUSSION

The present work demonstrates the anti-oxidant function of
SOCS in the regulation of inflammatory signaling. Both SOCS1
and SOCS3 increased thioredoxin expression and down-regu-
lated the basal and LPS-induced early ROS generation to atte-
nuate the expression of pro-inflammatory cytokines. The results
are consistent with our earlier findings of thioredoxin-promoting
effect of SOCS1 resulting in the suppression of the ROS signal-
induced apoptosis of Jurkat T cells (15). In the present study, we
have further investigated the molecular mechanism of thioredo-
xin upregulation by SOCS1. As an anti-oxidant defense gene, thio-
redoxin is considered a target of anti-oxidant transcription
factor NRF-2 which binds to the ARE sequence of diverse genes
induced under oxidative stress (18, 24). We have in fact identi-
fied an ARE-related sequence in the thioredoxin promoter and
performed CHIP assays using primers designed to dectect
NRF-2 binding. The increases in the basal NRF-2 level and its
binding to the thioredoxin promoter correlate with the upregula-
tion of the basal thioredoxin expression in Flag-SOCS1 cells
(Fig. 2A and 2C). Currently, the mechanism of NRF-2 upregu-
lation by SOCS1 and SOCS3 is not clear. As NRF-2 level is
subject to downregulation by iNRF-2 (Keap1)-mediated degrada-
tion, SOCS1 and SOCS3 may competitively inhibit Keap1 ac-
tion via SOCS-box to bind with Culin/Rbx/E2 ligase required
for ubiqutination of NRF-2 (25). The increased basal thioredoxin
via NRF-2 upregulation in SOCS1- or SOCS3-transduced cells
likey sustains the ROS downregulation in the initial phase of
LPS signaling. Such ROS regulation represents an upstream sig-
naling event, which is critical for the downstream response in-
cluding the production of inflammatory cytokines.

SOCS3 shares common properties with SOCS1 including the
structural domains such as KIR, SH2 and SOCS boxes, although
their reported functions are often distinct. For example, in con-
trast to SOCS1, which inhibits the T cell apoptosis induced by
hydrogen peroxide and TNF-a via ROS downregulation, SOCS3
promoted the oxidant-induced T cell apoptosis (15). However,
in this work, both SOCS1 and SOCS3 strongly inhibited the
inflammatory cytokine production involving ROS suppression
within 30 min of LPS stimulation. Compared with cells trans-
duced with either SOCS1 or SOCS3, cells transduced with both
SOCST and SOCS3 exhibited a further inhibition of IL-1 and
IL-6 production (Supplementary Fig. 4A), suggesting that SOCS1
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and SOCS3 co-operate to down-regulate LPS-induced ROS signal-
ing in inflammatory response. It may also indicate that the two
SOCS isoforms utilize distinct additional pathways to synergisti-
cally suppress inflammatory signaling. Although both SOCS1 and
SOCS3 have been reported to modulate apoptosis induced by
ROS and Fas ligation in Jurkat T cells (15, 26), cell death was
not affected by SOCS1 or SOCS3 in THP1 cells during LPS
treatment (Supplementary Fig. 4B). This finding excludes the
possibility that SOCS-mediated suppression of cytokine produc-
tion occurs due to increased cell death.

The current study also revealed that SOCS1 acts as a potent
inhibitor of ROS-mediated NLRP3 inflammasome activation re-
quired for caspase 1 activation (Fig. 4). Thus, the anti-inflam-
matory action of SOCS1 encompasses ROS signal-dependent
cytokine induction and processing, which leads to the regulated
production of cytokine cascade. The suppressive effect of SOCS1
on inflammasome activation contrasts with the effect of thiore-
doxin ablation, which promoted the LPS-induced ROS-mediated
NLRP3 inflammasome. The data again support the anti-inflamma-
tory mechanism of SOCS1 via thioredoxin induction.

In summary, SOCST1 effectively suppresses LPS-induced signal-
ing and NLRP3 inflammasome by down-regulating intracellular
ROS levels via NRF-2/thioredovxin induction (Fig. 4F). During
inflammation, SOCS1 is directly induced by ROS upon LPS
stimulation (15, 27). SOCS may also be induced by the cyto-
kines produced downstream of LPS signaling as these cells express
receptors for inflammatory cytokines (Supplementary Fig. 5). How-
ever, the kinetics of ROS-dependent STAT activation observed
upstream of cytokine production (Supplementary Fig. 2B) sug-
gest the induction of SOCS in a proximal negative feedback of
LPS signaling. The SOCS then likely induces anti-oxidant response
for removal of excess ROS triggered by the inflammation. Up-
regulation of thioredoxin reduces ROS levels (24) and apparently
contributes to the anti-inflammatory action of SOCS in macro-
phages. Since elevated thioredoxin expression is correlated with
increased NRF-2 levels in SOCS-transduced cells, the molecular
mechanism by which SOCS upregulates anti-oxidant transcrip-
tion factor NRF-2 in inflammatory cells warrants further inve-
stigation. Such studies are needed to establish the novel func-
tion of SOCS as a member of anti-oxidant defense system and
its potential therapeutic value in inflammatory diseases caused
by ROS deregulation.

MATERIALS AND METHODS

Cell culture and generation of SOCS over-expressing or
knock-down cell systems

Human acute monocytic leukemia cell lines (THP1) were main-
tained in RPMI media containing 10% FBS (Invitrogen, Carsbed)
and cultured in a humidified 5% CO, incubator. The prepara-
tion of bone marrow-derived macrophages (BMDMs) from
C57BL/6 mice (28) and the viral transduction of SOCS1, SOCS3
and Trx1 genes or sh constructs were performed as detailed in
the Supplementary Materials. PMA (100 ng/ml, 16 h)-treated

644 BMB Reports

monocytic cells and BMDMs were stimulated by 1 pg/ml LPS
(E.Coli 0111:B4, Sigma-Aldrich). Treatment with anti-oxidant
NAC (1 mM) was carried out 1 h prior to LPS stimulation.

Determination of intracellular ROS by FACS

Cells were stimulated with LPS for indicated durations and a
redox-sensitive cell permeable dye H,DCF-DA (1 uM) was added
to cultures 20 min before the end of the incubation. Cells were
simultaneously harvested and DCF fluorescence was measured
at 530 nm to assess intracellular ROS levels, using FACS Caliber
(BD Bioscience, Mountainview, CA).

Cell fractionation and western blot analysis

LPS-primed cells were lysed to prepare total, cytosolic and
nuclear extracts (26). The proteins were resolved by SDS-PAGE
and transferred to PVDF membranes for immunoblotting using
the antibodies described in Supplementary Materials.

Measurement of cytokines by ELISA
TNF-a, IL-1B and IL-6 levels were assessed using human and
mouse cytokine ELISA kits (e-Bioscience and R&D Systems).

RT-PCR and qRT-PCR

Cells were harvested for total RNA extraction using TRIzol.
RT-PCR of thioredoxin was performed as described (15). The
gRT-PCR amplification with POWER SYBR®™ Green (Applied
Biosystems, Warrington, UK) was performed using a Mastercycler
realplex thermalcylcer (Eppendorf AG, Hamburg, Germany).

Determination of inflammasome activity
Inflammasome assays were performed in two stages: LPS
priming for 4 h and inflammasome activation within 1 h to
avoid any chemical induction at the LPS priming stage as
described in the Supplementary Materials.

Statistical analysis

Experiments were conducted using at least 3 independent sets
in duplicate or triplicate cultures. The values are represented
as means + SD. Staistical significance was determined via
Student’s t test. A value of P < 0.05 was considered statisti-
cally significant.
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