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1. Introduction

Copyright © 2023 Trevor Teafatiller et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Salmonella Typhimurium infection of the gastrointestinal tract leads to damage that compromises the integrity of the intestinal
epithelium and results in enterocolitis and inflammation. Salmonella infection promotes the expression of inflammasome
NLRP3, leading to activation and release of proinflammatory cytokines such as IL-1f3, and the infected host often displays
altered nutrient levels. To date, the effect of Salmonella infection and proinflammatory cytokine IL-1 on the intestinal uptake
of ascorbic acid (AA) is unknown. Our results revealed a marked decrease in the rate of AA uptake in mouse jejunum infected
with Salmonella wild type (WT). However, the nonpathogenic mutant (A invA A spiB) strain did not affect AA uptake. The
decrease in AA uptake due to Salmonella WT infection is accompanied by significantly lower expression of mouse (m)SVCT1
protein, mRNA, and hnRNA levels. NLRP3 and IL-1f expression levels were markedly increased in Salmonella-infected mouse
jejunum. IL-1B-exposed Caco-2 cells displayed marked inhibition in AA uptake and significantly decreased hSVCT1
expression at both protein and mRNA levels. Furthermore, the activity of the SLC23A1 promoter was significantly inhibited by
IL-1f exposure. In addition, GRHPR (a known SVCT1 interactor) protein and mRNA expression levels were significantly
reduced in Salmonella-infected mouse jejunum. These results indicate that Salmonella infection inhibits AA absorption in
mouse jejunum and IL-1S-exposed Caco-2 cells. The observed inhibitory effect may partially be mediated through
transcriptional mechanisms.

above named diseases. Humans obtain vitamin C through
dietary sources via intestinal absorption as they cannot

Vitamin C (ascorbic acid (AA)) is a powerful antioxidant
that acts as a cofactor for several key biological reactions
[1]. This micronutrient is not only important for the proper
function of numerous enzymatic reactions, but also sus-
taining optimum vitamin C body homeostasis assists in
the defense against certain diseases such as cataract for-
mation, liver disease, cancer, osteoporosis, and heart dis-
ease [2-5]. The defense mechanisms can be accredited
to vitamin C’s antioxidant nature, which can mitigate
the damaging effects of reactive oxygen species (ROS)
and oxidative stress, which are generally observed in the

synthesize this micronutrient de novo. Pronounced vitamin
C deficiency is commonly observed in the elderly popula-
tion, smokers, and alcoholics [6-8]. The cause of vitamin
C deficiency in the conditions mentioned above is mainly
attributed to the impaired absorption at the cellular level.
Vitamin C deficiency is one of the contributing factors
in the pathogenesis of inflammatory bowel disease (IBD,
an intestinal disorder) [9-13]. Previous studies have shown
that the administration of vitamin C to patients with sep-
sis displayed a considerable recuperation of their clinical
symptoms [14-16].
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Intestinal absorption of vitamin C occurs via sodium-
dependent carrier-mediated activity that includes both
the sodium-dependent vitamin C transporter-1 and -2
(SVCT1 (SLC23A1) and SVCT2 (SLC23A2)) [17-20]. The
two vitamin C transporter isoforms share significant
homology between humans and mice [21] and are differ-
entially expressed along the intestinal tract [22]. SVCTI
is predominantly localized at the apical membrane domain,
while SVCT?2 is distributed at the basolateral membrane
of intestinal epithelial cells, mediating vectorial AA trans-
port [23-26].

Salmonella enterica serotype Typhimurium (S. typhi-
murium) is a Gram-negative, facultative intracellular bacte-
rium that can infect a variety of hosts and causes
significant morbidity and mortality across the globe
[27-30]. In addition, it is the cause for ~1.35 million cases
of infection, 26,500 hospital admissions, and~420 deaths
annually in the United States (https://www.cdc.gov/
salmonella/index.html). Salmonellosis causes approximately
20% of all typical food- and water-borne illnesses in humans
and is a significant public health and economic threat world-
wide. Salmonella infectivity in humans leads to acute gastro-
enteritis accompanied by watery diarrhea [31-34]. Severe
cases of Salmonella infection alone or alongside other path-
ogens may also alter nutrient levels in the infected host
[35]. Salmonella uses M cells (microfold cells) and entero-
cytes to enter the subepithelial compartment of the intesti-
nal epithelium of the infected host [36, 37], where it
activates the gut-associated immune system leading to the
release of cytokines [35, 38]. Among the secreted cytokines,
TNFa (tumor necrosis factor-alpha), IL-10 (interleukin 10),
IL-12 (interleukin 12), and IFNy (interferon-gamma) play
essential roles in mediating the inflammatory reaction in
the infected host [33, 39-43]. It is known that Salmonella
infection induces the expression of inflammasomes such as
NLRP3 (nucleotide-binding, oligomerization domain-
(NOD-) like receptor family, pyrin domain containing 3)
to release proinflammatory cytokines like IL-18 (interleu-
kin 1 beta) [44-48]. Previous studies have demonstrated
that proinflammatory cytokines negatively impact intestinal
absorptive and secretory functions [49-52]. Additionally,
studies have also demonstrated the role of Salmonella infec-
tion in the pathogenesis of IBD [53, 54].

Vitamin C is indispensable for normal cellular meta-
bolic activities and immune function. In addition, humans
have a limited capacity to store adequate levels of vitamin
C in the body. With these factors considered, a severe
and prolonged Salmonella infection may negatively impact
vitamin C homeostasis and lead to disturbances in the
nutrient levels of infected individuals. Currently, nothing
is known about the consequence of Salmonella infection
on vitamin C intestinal absorption. Therefore, in this study,
we investigated whether Salmonella infection alters AA
absorption and, if so, what are the precise molecular mech-
anisms involved in this process. Our findings revealed that
Salmonella infection inhibits intestinal AA uptake, and this
inhibitory effect is partially mediated through proinflam-
matory cytokines and the transcription of the SLC23Al
gene.
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Ficure 1: Effect of Salmonella infection on '*C-AA uptake in
mouse jejunum. Streptomycin-pretreated mice were infected with
Salmonella (WT) or mutant (A invA A spiB) (100l of 10"
bacteria/ml) by oral gavage. "*C-AA uptake was subsequently
determined in mouse jejunum after 72h following oral gavage.
Values are mean + SEM of at least 3 sets of animals. ***p < 0.001.

2. Materials and Methods

2.1. Materials. American Radiolabeled Chemicals (St. Louis,
MO) and PerkinElmer Inc. (Boston, MA) were the suppliers
for radiolabelled [**C]-AA (2.8-10 mCi/mmol, radiochemi-
cal purity >98%). The anti-B-actin antibody was from
Santa Cruz Biotechnology (Santa Cruz, CA). In addition,
western blot protocols utilized anti-rabbit IRDye-800 and
anti-mouse IRDye-680 secondary antibodies sourced from
LI-COR Biosciences (Lincoln, NE). The recombinant human
IL-1p3 was acquired through R&D Systems, Inc. (Minneapolis,
MN). Integrated DNA Technologies (San Diego, CA) supplied
the individually synthesized custom oligonucleotide primers
used in RT-qPCR analysis. All further chemicals, kits, and
molecular biological reagents were obtained from reputable
scientific manufacturers and stored appropriately to maintain
substance integrity and stability.

2.2. Cell Culture. Caco-2 cells from human colorectal
adenocarcinoma cells (ATCC, Manassas, VA) served as an
intestinal epithelial in vitro model. They were kept in EMEM
containing 10% fetal bovine serum (FBS) and antibiotics
(penicillin and streptomycin) in a 37°C cell incubator with
a 95% air-5% CO, and high-humidity atmosphere. Conflu-
ent monolayers of Caco-2 cells were used in these investiga-
tions to determine the effect of IL-13 on hSVCT1 protein
and mRNA expression levels as well as to assess the impact
of this proinflammatory cytokine on the rate of *C-AA
uptake and the activity of the SLC23A1 promoter. For the
IL-1f5 studies, Caco-2 cells were serum-starved to cause syn-
chronization by maintaining cell cultures in EMEM with
only 0.5% FBS overnight before treatment.

2.3. Bacterial Infection. Both Salmonella Typhimurium
(ATCC strain 14028 [55]) wild-type (WT) and nonpatho-
genic (A invA A spiB) mutant [49] were used in these inves-
tigations. LB (Luria Bertani) broth was the growth medium
for overnight bacterial cultures and then PBS was used to
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FIGURE 2: Salmonella infection decreases the level of expression of mSVCT1 in mouse jejunum. Western blot analysis was performed
utilizing 60 ug of protein isolated from Salmonella-exposed mouse intestine to measure the mSVCTI1 protein expression (a). The
mSVCT1 mRNA (b) and hnRNA (c) expression levels in mouse intestinal mucosa were measured by RT-qPCR. Values are mean + SEM
of at least 3 sets of mice. **p <0.01, ***p < 0.001, and ****p < 0.0001.

wash the centrifuged cultures and to adjust the volume  Salmonella (WT) or nonpathogenic invA spiB mutant
required to reach the desired concentration for oral gavage. ~ (10'° bacteria/ml). The control mice were administered
The C57BL/6] mice were pretreated with streptomycin 100yl of PBS vehicle. The mice then were euthanized
[49, 56] and infected using oral gavage (100 ul) with either = 72h after infection, and the intestinal samples were
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FiGURk 3: Effect of Salmonella infection on the expression of NLRP3 and IL-18 mRNA in mouse jejunum. The expression of NLRP3 (a) and
IL-13 (b) mRNA levels in mouse jejunum by RT-qPCR. Values are mean + SEM of at least 3 sets of animals. ***p < 0.001 and ****p < 0.0001.

harvested for '*C-AA uptake and molecular biological
analysis. All mouse studies performed were reviewed and
approved prior to animal use by the Department of Vet-
erans Affairs, Long Beach, CA, Institutional Animal Care
and Use Committee (IACUC).

2.4. "™C-Ascorbic Acid (AA) Uptake. Approximately 1cm
long sheets of jejunum with the submucosa intact were har-
vested from mice, which were then incubated in KR (Krebs-
Ringer) buffer with or without unlabeled (1 mM) AA and in
the presence of labeled (0.1 uCi) AA within glass test tubes
immersed in a 37°C water bath for 7 min as described before
[22, 51]. Monolayers of Caco-2 cells were grown to a post-
confluent phase before being treated with IL-1 (50 ng/ml)
to perform '*C-AA uptake [51]. Forty-eight hours later,
KR buffer was used to incubate these adherent cells at 37°C
with or without unlabeled (1 mM) AA and in the presence
of AA (0.1 uCi) for 30 min. 1 N NaOH was then applied to
the jejunum tissue or cells to cause lysis and then the sam-
ples were incubated at 80°C in a Fisher Scientific Isotemp
825F Incubator for 15min and neutralized with 10N HCI.
A liquid scintillation counter (Beckman Coulter, Brea, CA)
recorded the radiation levels of the individual uptake lysates.

2.5. RT-qPCR Analysis. Each cDNA template used for RT-
qPCR analysis was reverse transcribed utilizing the iScript
cDNA synthesis kit (Bio-Rad) and RNA isolates extracted
from mouse jejunal mucosa and Caco-2 cells that were
pretreated with DNasel (Invitrogen). The assay master
mixes contained iQ SYBR Green Supermix (Bio-Rad), the
appropriate gene-specific forward and reverse primers, and
water. Human and mouse SVCT1, NLRP3, IL-1/3, GRHPR,
and B-actin primers were used in these investigations
(hSVCT1: For 5-TCATCCTCTTCTCCCAGTACCT-3'
and Rev 5-AGAGCAGCCACACGGTCAT-3"; mSVCTI:
For 5'-CAGCAGGGACTTCCACCA-3' and Rev 5'-CCAC
ACAGGTGAAGATGGTA-3"; mNLRP3: For 5'-ATTACC

CGCCCGAGAAAGG-3' and Rev 5'-TCGCAGCAAAG
ATCCACACAG-3'; mIL-1: For 5'-CTCTCCAGCCAAGC
TTCCTTGTGC-3" and Rev 5'- GCTCTCATCAGGACAG
CCCAGGT-3'; mGRHPR: For 5-AATTCGGATGACCC
CATCC-3' and Rev 5'-TCAGGACACCTGGCGTGTAG-3';
hp-actin: For 5'-CATCCTGCGTCTGGACCT-3' and Rev
5'-TAATGTCACGCACGATTTCC-3'; and mp-actin: For
5'-ATCCTCTTCCTCCCTGGA-3" and Rev 5'-TTCATG
GATGCCACAGGA-3"). RT-qPCR was also utilized to

measure the heterogeneous nuclear (hn) RNA expression
level for mSVCT1 in mouse jejunum using cDNA and
mSVCT1 hnRNA primers (mSVCT1: For 5'-GCTTCC
AGGCTCTAGATGGT-3" and Rev 5-GGGCAAAATCT
TCGTTGGGT-3' and mp-actin: For 5'-AGATGACCCAG
GTCAGTATC-3' and Rev 5'-GAGCAGAAACTGCAAA
GAT-3") to amplify the appropriate nucleotides in the
intron region as previously described [57]. Relative SVCT1,
NLRP3, IL-1p, and GRHPR expression levels were normal-
ized to Ct values of simultaneously amplified B-actin
expression levels [22, 51].

2.6. Transfection and Promoter Analysis. Caco-2 cells were
cotransfected with both the SLC23A1 (Solute Carrier Family
23 Member 1) minimal promoter plasmid DNA (3 ug) and
pRL-TK (HSV-thymidine kinase promoter) vector (100 ng)
complexed with 3 ul of Lipofectamine 2000 (Invitrogen) as
described [51]. Twenty-four hours later, the Caco-2 cells
were incubated with IL-1f for 48 h, and the promoter activ-
ity was then determined [51].

2.7. Western Blot Analysis. Caco-2 cells or mouse jejunal
mucosa total protein samples were prepared in radioimmu-
noprecipitation (RIPA) buffer (Sigma) as described before
[22, 51]. NuPAGE 4-12% mini gels (Invitrogen) and buffers
were used to separate each total protein lysate (60 ug) before
the proteins were transferred onto Immobilon-FL PVDF
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FiGurek 4: Effect of IL-1f3 on AA uptake, hSVCT1 expression levels, and the activity of SLC23A1 promoter in Caco-2 cells. Concentration-
dependent effect of IL-13 treatment on the hSVCT1 mRNA expression (a). Determined AA uptake in IL-1/3 (50 ng/ml)-exposed and control
cells (b). Performed western blotting to quantify the expression of hSVCT1 protein in IL-13-exposed and control cells (c). The activity of
SLC23A1 promoter was determined in IL-1f3-treated and control cells (d). Values are mean+SEM of at least 3-4 independent
experimental runs using different passage of cells. *p < 0.05, **p <0.01, and ***p < 0.001.

(polyvinylidene difluoride) membranes. Afterwards, hSVCT1
(1:200) [58] or mSVCT1 (1:500) [59] or GRHPR (1:1000)
and f-actin (1:5000) primary antibodies were applied to
probe the membrane, followed by three PBS-1% Tween 20
washes. Incubation with LI-COR IRDye 800CW Goat anti-
Rabbit IgG and/or IRDye 680LT Goat anti-Mouse IgG sec-
ondary antibodies (1:30,000 dilutions) was achieved using
an orbital shaker for 45min at room temperature, followed
by three PBS-1% Tween 20 washes. The fluorescent bands

were analyzed to quantify protein expression using an Odys-
sey infrared imaging system (LI-COR Biosciences) [51].

2.8. Statistical Analysis. In our study, the observed data were
collected from a minimum of triplicate experimental runs
using different passages of cells or from at least three sets
of mice. The results were validated by Student’s ¢-test against
a p value of < 0.05 to determine significance. The data
are represented as mean + SEM of multiple independent
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FIGURE 5: Salmonella infection decreases the expression of GRHPR in mouse jejunum. The GRHPR protein (a) and mRNA (b) expression
levels in mouse jejunum were calculated from western blot and RT-qPCR data, respectively. Values are mean + SEM of at least 3 sets of

animal. **p < 0.01.

experiments and are expressed as percentage of corre-
sponding controls.

3. Results and Discussion

3.1. Effect of Salmonella Infection on Uptake of AA and
mSVCT1 Expression in Mouse Jejunum. Previous studies
showed that Salmonella affects the intestinal mucosal physi-
ology mainly through the immune/inflammatory response
that is subsequently triggered [38, 60]. Here, we used mice
as an in vivo model for the investigations. Streptomycin-
pretreated mice were infected with Salmonella (WT) or non-
pathogenic A invA A spiB mutant by oral gavage [49]. After
72h of infection, we performed AA uptake in the jejunal
sheets, which showed a significant (p < 0.001) decrease in
the AA uptake in Salmonella-infected compared to unin-
fected control mouse jejunum (Figure 1). To further confirm
that the effect of Salmonella infection in mice is mediated via
its immune/inflammatory action, we used a nonpathogenic
(avirulent) mutant (A invA A spiB) strain of Salmonella that
does not cause intestinal inflammation. This mutant neither
invades the intestinal mucosa nor replicates within the
infected host. The nonpathogenic mutant-infected mice
did not exhibit inhibition of the intestinal AA uptake
(Figure 1). Therefore, we focused subsequent investigations
on the inhibitory effect of the Salmonella (WT). Our evi-
dence suggests that Salmonella infection inhibits intestinal
AA uptake in mice mainly through the immune/inflam-
matory response that it induces [38, 60]. The observed
uptake inhibition was accompanied by a marked reduction
in mSVCT1 protein (Figure 2(a)), mRNA (Figure 2(b)),
and hnRNA expressions (hnRNA expression levels reflect
changes in the transcription rate of a given gene [57])

(Figure 2(c)) in Salmonella-infected compared to unin-
fected mouse jejunum. The latter indicates that the inhibi-
tion in SVCT1 expression in the Salmonella-infected
mouse jejunum is partially mediated via altered transcrip-
tion of the SLC23A1 gene. Future studies will confirm the
observed decreased mSVCT1 expression levels in the
isolated enterocytes.

3.2. Effect of Salmonella Infection on NLRP3 and IL-1f3
Expression Levels in Mouse Jejunum. Previous studies have
shown that Salmonella infection triggers inflammasome
assembly through identification by cytoplasmic receptors
such as NLRP3 to release proinflammatory cytokines such
as IL-1p3 [44-47]. To test this, we determined NLRP3 mRNA
expression levels in Salmonella-infected mouse jejunum. The
results showed that the NLRP3 mRNA expression was
significantly (p <0.001) upregulated in Salmonella-infected
mice jejunum (Figure 3(a)) suggesting an activated inflam-
matory response upon Salmonella infection in the intestine.
To substantiate this finding, we also determined the expres-
sion level of IL-1f in Salmonella-infected mouse jejunum
and found significantly (p < 0.0001) increased IL-18 mRNA
expression in Salmonella-infected mouse jejunum compared
to uninfected mice (Figure 3(b)).

3.3. Effect of IL-1f3 on AA Uptake, hSVCTI1 Expression, and
the Activity of SLC23A1 Promoter in Intestinal Epithelial
Caco-2 Cells. The effect of IL-1f3 on the uptake of AA in
Caco-2 cells has never been investigated before. Therefore,
Caco-2 cells were exposed to three different concentrations
of IL-1p (10, 25, and 50ng/ml) for 48h, and hSVCT1
mRNA expression levels were determined. The results
revealed a marked decrease in hSVCT1 mRNA expression
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at all three IL-1f concentrations compared to control cells
(Figure 4(a)). Subsequently, we examined the effect of IL-
1B treatment (50 ng/ml for 48h) on the uptake of AA in
Caco-2 cells. The outcomes exhibited a marked inhibitory
effect on the uptake of AA in cells exposed to IL-1p3
(Figure 4(b)). This inhibitory effect was accompanied by a
marked reduction in the expression level of h\SVCT1 protein
(Figure 4(c)).

Furthermore, to investigate the molecular mechanism(s)
involved in AA uptake inhibition upon IL-1f exposure, we
determined the effect of IL-1f3 treatment on the SLC23A1
promoter activity. The results displayed a marked decrease
in the SLC23A1 promoter activity in IL-1f3-exposed cells
(Figure 4(d)). Collectively, these results indicate that the
inhibition of AA uptake mediated by IL-1f exposure is
partially facilitated through transcriptional mechanism(s)
involving the SLC23AI1 gene. The observed decreased
expression of hSVCT1 caused by IL-1f is not a universal
phenomenon among members of the solute carrier (SLC)
superfamily of transporter proteins. Previous studies have
shown that the PepT1 (peptide transporter 1, product of
theSLC15A1 gene) was upregulated upon cytokine treatment
[61, 62]. Together, our findings suggest that Salmonella-trig-
gered inflammasome assembly via recognition by NLRP3
induces proinflammatory cytokines such as IL-1f3, which
causes an inhibitory effect on the uptake of AA in intestinal
epithelial cells.

3.4. Salmonella Infection Reduces the Expression of GRHPR
in Mouse Jejunum. Previously, we have identified GRHPR
(glyoxalate reductase/hydroxypyruvate reductase) as an
interacting partner for SVCT1, and this association upregu-
lates AA uptake [63]. In this study, we have determined the
role of GRHPR in Salmonella-infected AA uptake in mouse
jejunum. Salmonella infection triggered a marked decrease
in GRHPR protein and mRNA expression in mouse jejunum
(Figures 5(a) and 5(b)). These findings show that GRHPR
may also play a role in the observed inhibitory effect on
AA uptake in mouse jejunum.

In conclusion, our investigations demonstrate that Sal-
monella infection decreases intestinal AA absorption, and
this inhibitory effect is facilitated partially through proin-
flammatory cytokines which are induced as a result of
Salmonella infection in aninfected host. In addition, the
observed intestinal AA uptake inhibition caused by proin-
flammatory cytokines may provide a novel hypothesis to
explain the suboptimal levels of vitamin C observed in IBD
patients [9, 12, 13].

Data Availability
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