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A B S T R A C T

Babesia microti is an emerging zoonotic pathogen that is transmitted by ticks and parasites and propagates in
mammalian erythrocytes. Thioredoxin reductase (TrxR) plays a crucial role in B. microti survival by maintaining
cellular redox homeostasis. In the present study, 4-nitro-2,1,3-benzothiadiazole (4-NBT) was selected as a spe-
cific B. microti TrxR inhibitor by comparing rat and parasite TrxR inhibition levels. Reactive oxygen species
(ROS) levels were evaluated using flow cytometry, and in B. microti treated with 4-NBT, ROS levels increased
with increasing inhibitor concentration. Furthermore, the inhibitor treatment increased lipid peroxidation and
protein carbonyl levels, thus indicating a state of oxidative stress. While B. microti treated with 4-NBT appeared
to lose the ability to multiply in mice, the fastigium of parasitemia between the treated and control groups was
comparable. Furthermore, a TUNEL assay showed that 4-NBT induces apoptosis in B. microti. Proteomic analysis
of B. microti treated with 4-NBT detected 960 proteins. Label-free quantitative proteomic analysis identified 118
proteins that were significantly up-regulated and 37 that were significantly down-regulated in the treatment
group relative to the control. Of the differential proteins, proteasome and ribosomal subunit expression was up-
regulated, thus suggesting that redundant proteins may be damaged by oxidation and waiting for degradation,
while proteins for subsistence are waiting for de novo synthesis. Moreover, the findings obtained herein suggest
that the DNA and lipids were also damaged and awaiting synthesis or repair. In conclusion, TrxR dysfunction in
B. microti results in the breakdown of redox homeostasis and promotes apoptosis.

1. Introduction

Babesia microti is an intraerythrocytic protozoan that causes emer-
ging and zoonotic babesiosis. To date, human B. microti infections have
been reported in many countries, including the United States, Australia,
Germany, Japan, and China (Vannier and Krause, 2012). This spread
means that the risk of babesiosis is increasing with time, and it now has
become a global threat to public health. The clinical symptoms of ba-
besiosis are generally mild in immunocompetent patients but acute and
serious in immunocompromised patients (Vannier et al., 2008). Cur-
rently, the most effective treatment is to utilize a combination of the
drugs atovaquone and azithromycin, but these may cause adverse ef-
fects, such as fever, emesis, dizziness, arrhythmia, or anaphylaxis
(Krause et al., 2000). Furthermore, with the presence of antibiotic re-
sistance, it is imperative and urgent to identify new therapeutic targets
that can aid in the development of a new potent drug to mitigate B.
microti.

B. microti parasitizes mammalian erythrocytes due to their high iron
concentrations and hyperoxic environment (Müller, 2010). Since B.
microti is sensitive to oxidative stress, it neutralizes the toxic effects of
ROS and reactive nitrogen species (RNS) (Kehr et al., 2010). In B. mi-
croti, the glutathione S-transferase gene, and subsequent glutathione
reduction, has yet to been identified, thus suggesting that the glu-
tathione and antioxidant systems are underdeveloped when compared
to an organism like Plasmodium falciparum (Cornillot et al., 2012).
Therefore, the thioredoxin system becomes very valuable, even critical,
to survival in erythrocytes. The main function of the thioredoxin system
is to regulate cellular redox status by eliminating ROS and repairing any
peroxidation damage (Kavishe et al., 2017). The system is composed of
several thioredoxins, thioredoxin reductase (TrxR), and NADPH. TrxR,
a key enzyme of this system, not only reduces Trx but also transfers
electrons to low molecular weight compounds (Jortzik and Becker,
2012). Previously, our laboratory identified a unique TrxR in B. microti
with two distinct active centers that facilitate the electron transfer from
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NADPH to a substrate via a disulfide FAD domain, and a C-terminal
redox center consisting of two cysteines separated by four amino acids
(Zhao et al., 2016). These features distinguish this TrxR from mam-
malian TrxRs, which contain a cysteine-selenocysteine motif
(Andricopulo et al., 2006). In P. falciparum, TrxR is necessary during the
intraerythrocytic stages (Krnajski et al., 2002), and TrxR inhibition
using Auranofin has been shown to inhibit P. falciparum growth in vitro
(Sannella et al., 2008). Thus, TrxR is a potential drug target in the
treatment of Babesia.

Herein, TrxR mechanisms and how they contribute to B. microti
survival were examined. Red blood cells (RBCs) were infected with B.
microti in vitro and treated with 4-NBT, a specific B. microti TrxR in-
hibitor, and differences in protein expression in the parasite were
analyzed using a label-free quantitative proteomic approach.

2. Material and methods

2.1. Ethics statement

All of the animal experimentation and protocols were approved by
the Institutional Animal Care and Use Committee of the Shanghai
Veterinary Research Institute (IACUC approve number shvri-mo-0054)
and authorized by the Animal Ethical Committee of Shanghai
Veterinary Research Institute. This study was compliant with ARRIVE
guidelines and EU Directive 2010/63/EU for animal experiments.

2.2. B. microti cultured in vitro

B. microti was obtained from the American Type Culture Collection
(ATCCR PRA-99™) and cultured in vivo using the serial passage in KM
mice as previously described (Zhang et al., 2016). For in vitro culturing,
infected blood was collected as described previously and washed three
times with RPMI and HEPES and centrifuged. The obtained ery-
throcytes were then suspended in B. microti complete culture medium
(BCM), which comprised RPMI 1640 (Gibco, Carlsbad, CA, USA),
25 mM HEPES (Gibco, Carlsbad, CA, USA), 0.1% Penicillin-Strepto-
myocin (Gibco, Carlsbad, CA, USA), 3.5X HT supplement (Gibco,
Carlsbad, CA, USA), and 0.5% bovine serum albumin (BSA; Equitech-
bio, Kerrville, TX, USA) (Trager and Jensen, 2005). Parasites were
maintained utilizing the microaerophilous stationary phase (MASP)
culturing method as previously described, with slight modifications
(Erp et al., 1980; Levy and Ristic, 1980; Taylor and Baker, 1987).
Briefly, the erythrocytes were diluted with BCM to obtain 2% hema-
tocrit, and the liquid-column height was maintained at 0.62 cm. The
cultures were then placed in a cell incubator at 37 °C, with 5% CO2, and
the medium was changed daily.

2.3. Selecting a TrxR inhibitor for B. microti

Four effective compounds have been reported to inhibit TrxR,
namely, Auranofin, CDNB (1-chloro 2,4-dinitrobenzene), 4-NBT (4-
nitro-2,1,3-benzothiadiazole), and 2,4-DNPS (2,4-dinitrophenyl sulfide)
(Andricopulo et al., 2006). Each compound was tested for its ability to
inhibit B. microti TrxR (BmTrxR) and/or rat TrxR (RTrxR) at different
concentrations, with TrxR activity levels determined using a Thior-
edoxin Reductase Assay Kit (Sigma-Aldrich, St. Louis, MO, USA) with
slight modifications. Plots were then constructed to determine asso-
ciations between drug concentration and TrxR inhibition rate, with
IC50 values also determined.

2.4. Culturing parasites in vitro with 4-NBT

Parasites were maintained as described above. After two days,
parasite-infected red blood cells (IRBCs) at 10% parasitemia were in-
cubated in BCM containing 4-NBT at a concentration of 25, 50, or
100 μM for 12 h at 37 °C and 5% CO2, with the negative control sample

only treated with DMSO. After 12 h, the IRBCs were pelleted and wa-
shed three times in PBS and lysed by adding 20x packed cell volume of
0.05% saponin in PBS and allowed to sit on ice for less than 30min.
Resulting lysates were then washed in PBS until turning white. The
precipitates were suspended in PBS supplemented with protease in-
hibitor (Cell Biolabs, San Diego, CA, USA), and then sonicated on ice for
about 2min (1 s on and 1 s off intervals) at a 10% amplitude (Bullard
et al., 2015). The samples were then centrifuged at 10,000 rpm for
10min at 4 °C, and the supernatants containing B. microti were ex-
tracted.

2.5. SYBR® Green I parasite growth assay

In previous studies, SYBR® Green I parasite growth assay has been
utilized in Plasmodium to determine the relationship between drug
susceptibility and growth (Smilkstein et al., 2004). Assays were con-
ducted in a 96-well plate in a total volume of 200 μl [199 μl BCM with
2% haematocrit at 5% parasitemia and 1 μl treatment (4-NBT or
DMSO)], with test samples treated with 4-NBT (25, 50, or 100 μM)
dissolved in DMSO and the negative control treated with only DMSO.
After 12 h, 100 μl from each culture was transferred to a new blank
plate, and 100 μl of RBC lysis buffer (20mM Tris base, 5 mM EDTA,
0.0008% saponin, 0.08% Triton X-100, pH 7.5 with 0.2 μl SYBR® Green
I/ml of lysis buffer) was added to each well. Plates were incubated in
the dark for 30min, and then fluorescence levels were quantified (ex-
citation 485 nm, emission 535 nm).

2.6. How 4-NBT affects parasite vitality

To assess the effect of 4-NBT on B. microti vitality and infectivity,
erythrocytes were collected from mice infected with B. microti, with a
parasitemia up to 40%, and cultured in vitro for two days prior to 4-NBT
or DMSO (control) treatment as described above. Five-week-old female
BALB/C mice were randomly divided into five groups of five as follows:
DMSO (control), 25 μM 4-NBT group, 50 μM 4-NBT group, 100 μM 4-
NBT group, and healthy erythrocytes (negative control), with each
group inoculated intraperitoneally with 1×108 corresponding ery-
throcytes. The percentage of parasitemia was then determined using
flow cytometry.

2.7. Hemolytic activity following 4-NBT treatment

To evaluate 4-NBT cytotoxicity, the degree of hemolysis was de-
termined following treatment (Nilsson Bark et al., 2018). The same
number of infected erythrocytes were treated with either DMSO (con-
trol) or 25, 50, or 100 μM of 4-NBT as described above. As a positive
lysis control, erythrocytes were incubated with 0.4% Triton-X 100,
while the negative control was only incubated with BCM. After 12 h,
samples were centrifuged and the supernatants were collected. The
amount of released hemoglobin (Hb) was measured at OD415 nm, and
the degree of lysis per sample was calculated as follows: lysis (test
sample) = [test sample (OD415 nm) – blank (OD415 nm)] / [positive lysis
control (OD415 nm) – blank (OD415 nm)], and presented as a percentage.

2.8. Reactive oxygen species levels following 4-NBT

ROS production was determined by employing a CellROX™ Deep
Red Flow Cytometry Assay Kit (Thermo Fischer Scientific, Waltham,
MA, USA). IRBCs were treated with various 4-NBT concentrations as
described above. Cells were then stained with 1 μM CellROX® Deep Red
reagent for 60min at 37 °C, and then with 1x SYBR® Green (Sigma) for
30min at room temperature.

2.9. TrxR activity in the presence of 4-NBT

The total protein concentrations of B. microti extracts were
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measured using a Pierce™ BCA Protein Assay Kit (Thermo Fischer
Scientific), with the samples derived as described above. TrxR activity
was measured by adding DTNB [5,5′ - dithiobis (2-nitrobenzoic) acid]
and then by measuring differences in sample concentrations at OD412

nm for 5 h at 25 °C.

2.10. Lipid peroxidation levels with 4-NBT

Malondialdehyde (MDA), the end product of lipid peroxidation, was
detected with a Lipid Peroxidation (MDA) Assay Kit (Sigma-Aldrich)
according to the manufacturer’s instructions. MDA-TBA (thiobarbituric
acid) adducts form when the sample MDA reacts with the TBA and is
detected spectrophotometrically at OD532 nm to enable MDA quantifi-
cation.

2.11. Protein carbonyl (PC) content levels with 4-NBT treatment

Protein carbonylation was detected using a Protein Carbonyl
Content Assay Kit (Sigma-Aldrich) according to the manufacturer’s in-
structions. Carbonyl content was quantified based on the derivatization
of protein carbonyl groups in the presence of 2,4-dinitrophenylhy-
drazine (DNPH), which subsequently leads to the formation of a stable
dinitrophenyl (DNP) hydrazone adduct that can be detected spectro-
photometrically at OD375 nm.

2.12. TUNEL apoptosis assay

Erythrocytes infected with B. microti were treated with DMSO or
50 μM of 4-NBT as described above. Blood smears were prepared after
collecting and washing the cells. The cells were fixed using methanol
and acetone at a scale of 1:1. To detect apoptotic DNA fragments, a
terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
assay was performed by employing an In Situ Cell Death Detection kit
(Roche Diagnostics, Mannheim, Germany), and smears were stained
according to the manufacturer’s protocols. In brief, the B. microti nuclei
were stained blue using 4′,6′-diamidino-2-phenylindole (DAPI)
(Thermo Scientific, Waltham, MA, USA), and apoptotic parasites were
stained green using the TUNEL working buffer. Coverslips were
mounted using Fluoromount Aqueous Mounting Media (Sigma-Aldrich,
St. Louis, MO, USA), and slides were examined using a confocal laser-
scanning microscope (Zeiss LSM 880, Oberkochen, Germany). The same
parameters were used for both the experimental and control groups.

2.13. Label-free quantitative proteomic method

2.13.1. Protein extraction
To identify differential protein expression between B. microti in-

cubated with 50 μM 4-NBT or DMSO, three biological replicates were
examined for each and were tagged TNB1, TNB2, and TNB3 or TDM1,
TDM2, and TDM3, respectively. After treatment, B. microti extracts
were prepared as described above. The precipitates were suspended in
SDT buffer (4% SDS, 100mM Tris−HCl, 10mM DTT, pH7.6). Each
sample was sonicated and then boiled for 15min. After centrifuged at
14,000 rpm for 40min, the supernatant was quantified with BCA
Protein Assay Kit (Bio-Rad. USA). 20 μg of proteins were analyzed by
SDS-PAGE.

2.13.2. FASP Digestion and fractionation
Filter-aided sample preparation (FASP) were analyzed by the

method described previously. 200 μg of protein for each sample were
incorporated in SDT buffer (4% SDS, 100mM DTT, 150mM Tris−HCl,
pH 8.0). The detergent, DTT and other low-molecular-weight compo-
nents were removed using UA buffer (8M urea, 150mM Tris−HCl, pH
8.0) by repeated ultrafiltration (Microcon units,10KD). Then, 100 μL
iodoacetamide (100mM IAA in UA buffer) was added to block reduced
cysteine residues, and the samples were incubated for 30min in

darkness. The filters were washed with 100 μL of UA buffer three times
and then 100 μL of 25mM NH4HCO3 buffer twice. Finally, the protein
suspensions were digested with 4 μg of trypsin (Promega) in 40 μL of
25mM NH4HCO3 buffer overnight at 37 °C, and the resulting peptides
were collected as a filtrate. The peptides of each sample were desalted
on C18 cartridges (Empore™ C18 SPE cartridges (standard density), bed
I.D. 7mm, volume, 3ml, Sigma), concentrated by vacuum centrifuga-
tion and reconstituted in 40 μL of 0.1% (v/v) formic acid. The peptide
content was estimated from the UV light spectral density at 280 nm
using an extinction coefficient of 1.1 of 0.1% (g/L) solution that was
calculated on the basis of the frequency of tryptophan and tyrosine in
vertebrate proteins.(Wisniewski et al., 2009)。

Pierce high pH reversed-phase fractionation kit (Thermo scientific)
was used to fractionate digest samples into 3 fractions by an increasing
acetonitrile step-gradient elution according to instructions.

2.13.3. LC-MS/MS/ms
The mass spectrometry analysis was performed by Shanghai Applied

Protein Technology Co. Ltd. Easy nLC liquid chromatograph (Thermo
Scientific) was used to separate each sample. Buffer A consisted of 0.1%
formic acid, while buffer B of 84% acetonitrile and 0.1% formic acid.
The peptide mixture was loaded onto a reversed-phase trap column
(Thermo Scientific Acclaim PepMap100, 100 μm*2 cm, nanoViper C18)
connected to a C18 reversed-phase analytical column (Thermo
Scientific Easy Column, 10 cm long, 75 μm inner diameter, 3 μm resin)
in buffer A and separated with a linear gradient of buffer B at a flow
rate of 300 nL/min controlled by IntelliFlow technology: 0–35% buffer
B for 50min, 35–100% buffer B for 5min, and 100% buffer B for 5min.

LC–MS/MS analysis was performed on a Q-Exactive mass spectro-
meter (Thermo Scientific) that was coupled to Easy nLC for 60min. The
mass spectrometer was operated in positive ion mode. MS data were
acquired using a data-dependent top-10 method that dynamically chose
the most abundant precursor ions from the survey scan (300–1800m/z)
for high-energy collisional dissociation (HCD) fragmentation.
Automatic gain control target was set to 1e6, and maximum inject time
to 50ms. Dynamic exclusion duration was 60 s. Survey scans were ac-
quired at a resolution of 70,000 at 200m/z, the resolution of the HCD
spectra was set to 17,500 at 200m/z, and the isolation window was
2m/z. The normalized collision energy was 30 eV, and the underfill
ratio was defined as 0.1%.

The obtained MS data were analyzed using MaxQuant software
version 1.5.3.17 (Max Planck Institute of Biochemistry, Martinsried,
Germany) (Cox and Mann, 2008). The following parameters were set as
shown in Table 1. What's more, the proteomics data were available via
ProteomeXchange with identifier PXD013126.

Table 1
The relative parameters of MS analysis.

Item Value

Enzyme Trypsin
Max Missed Cleavages 2
Main search 6 ppm
First search 20 ppm
MS/MS Tolerance 20 ppm
Fixed modifications Carbamidomethyl (C)
Variable modifications Oxidation (M), Acetyl (Protein N-term)
Database uniprot_Babesia_microti_3748_20180622 database
Database pattern Reverse
Peptide FDR <0.01
Protein FDR <0.01
Time window (match

between runs)
2 min

Protein Quantification Razor and unique peptides were used for protein
quantification

LFQ True
LFQ min. ratio count 1
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2.13.4. Bioinformatics analysis
Proteins were identified as differentially expressed if a fold-

change> 2 and P-value< 0.05 were obtained and if the protein was
identified in 2 or more of the replicates within a group while not de-
tected in the other group. The identified differential proteins were then
characterized using Gene Ontology (GO) in Blast2GO (version
go_201504.obo; www.geneontology.org) (Ana et al., 2005) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) via KEGG Automatic An-
notation Server (KAAS) (Yuki et al., 2007). GO and KEGG pathway
enrichment analyses were applied based on Fisher’s exact test. Cluster

3.0 and Java Treeview software were used to construct a heat map and
perform hierarchical clustering; while a protein-protein interaction
(PPI) network was generated using Cytoscape5 (version 3.2.1) and
verified using STRING (http://string-db.org/).

2.14. Quantitative real-time PCR assay

RNA was extracted from B. microti treated with either DMSO or
50 μM of 4-NBT by using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). Complementary DNAs (cDNAs) were obtained by using a

Fig. 1. Correlation curves between TrxR drug concentration and inhibition rate. Identifying the most selective BmTrxR inhibitor out of Auranofin (A), 2,4-DNPS (B),
CDNB (C), or 4-NBT (D) using the DTNB reduction method. Inhibitors were applied to both BmTrxR (left) and RTrxR (right) samples at the designated IC50 values.
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PrimeScript™ RT Reagent Kit (Takara, Kusatsu, Japan), and quantitative
real-time PCR (qPCR) was performed using TB Green™ Fast qPCR Mix
(Takara) according to the manufacturer’s instructions. A QuantStudio 5
real-time PCR system (Applied Biosystems, Foster City, CA, USA) was
utilized during this experiment, with β-actin used as an internal re-
ference gene. Expression level fold changes were calculated using the
2−ΔΔCT method. All of the qPCR amplifications were performed in tri-
plicate and repeated twice, with the mean values considered for com-
parisons. All of the primers are provided in Supplemental Table 1.

3. Results

3.1. 4-NBT was determined to be a specific B. microti TrxR inhibitor

BmTrxR was obtained via recombinant expression, and RTrxR was

purchased. DTNB was used as a substrate to measure TrxR activity, with
150 nM of BmTrxR and 50 nM of RTrxR utilized. Each TrxR showed a
good inhibitory behavior, with the inhibitory effect increasing in rela-
tion to a concentration within a specific range (Fig. 1). Auranofin and
CDNB more specifically targeted RTrxR, and Auranofin completely in-
hibited TrxR within a low nanomolar range. 2,4-DNPS (RTrxR IC50 =
427.5 nM, BmTrxR IC50 = 560.4 nM) showed a high degree of inhibi-
tion, but low selectivity. In contrast, 4-NBT (RTrxR IC50 = 50.8 μM,
BmTrxR IC50 = 11.7 μM) was selective for BmTrxR, with an RTrxR/
BmTrxR selectivity value that reached 4.3. Thus, 4-NBT was selected for
further experimentation.

Fig. 2. TrxR activity and the redox state are
inhibited by 4-NBT in B. microti. (A) TrxR ac-
tivity was determined using the DTNB reduc-
tion method after incubating B. microti with
different 4-NBT concentrations. Following 4-
NBT treatment for 12 h, ROS levels were ex-
amined using CellROX® Deep Red reagent
staining coupled with flow cytometry. (B) ROS
cell percentages and a representative (C) flow
cytometric histogram are shown. The effect of
4-NBT on protein carbonyl content was ex-
amined spectrophotometrically using (D)
DNPH, and lipid peroxidation was determined
by measuring (E) MDA. Data are expressed as a
mean ± SEM of at least three replicates
(n=3). ***P < 0.0001, **P < 0.001, and
*P < 0.05 relative to the DMSO control
group, with P < 0.05 deemed significant.
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3.2. Effect of 4-NBT on the antioxidant system and on oxidative stress in B.
microti

To confirm that 4-NBT can inhibit TrxR activity in B. microti, a TrxR
activity assay was performed, with DTNB used as the substrate. B. mi-
croti extract that had been treated with DMSO had a protein activity
level of 0.41 ± 0.06 U/mg, which was regarded as 100% enzymatic
activity. The 25 μM 4-NBT treatment group showed a 74.71% activity
level relative to the control, the 50 μM group showed a 36.59% activity
level, and the 100 μM group a showed 27.35% level (Fig. 2A). These
results indicate that indeed 4-NBT targets TrxR. TrxR plays an im-
portant role in redox balance; thus, ROSs and the index of oxidative
stress injury were measured via a flow cytometer using SYBR® Green
and by marking cells with high ROS levels with CellROX® Deep Red
reagent. While no difference was noted between healthy RBC incubated
with 4-NBT or DMSO, a significant difference was noted when B. microti
was incubated with DMSO or 4-NBT. B. microti treated with DMSO had
especially low ROS levels, while much higher levels were seen in B.
microti treated with 4-NBT. Since 4-NBT inhibits TrxR (Figs. 2B and 2C),
B. microti was unable to eliminate ROS in a timely fashion. ROS can
directly damage proteins and lipids and can produce stable carbonyl
groups and MDA. These results indicate that B. microti treatment with 4-
NBT, to a certain extent, causes lipid and protein peroxidation (Figs. 2D
and E). In conclusion, these findings show that 4-NBT inhibits B. microti
TrxR activity and disrupts redox homeostasis.

3.3. Cytotoxicity of 4-NBT

To further characterize 4-NBT B. microti, IC50 was established and
found to be 246.1 μM using the SYBR method (Fig. 3A). To further
evaluate this finding, erythrocytes with a 40% B. microti infection were
treated with 25, 50, or 100 μM 4-NBT or DMSO (positive control), with
healthy erythrocytes treated with the same volume of DMSO as a ne-
gative control. The results showed that the percentages of parasitized
cells were similar, but the degree of hemolysis varied among the
groups. After 12 h, mice were inoculated with 1×108 cells from each

group, and the B. microti treated with DMSO multiplied the fastest,
while those treated with 50 μM or 100 μM replicated at very low levels
(Fig. 3C). These results show that B. microti treated with DMSO has the
highest vitality and infectivity, while those treated with 4-NBT show
stunted growth. Additionally, erythrotoxicity was evaluated based on
the degree of hemolysis, with 100 μM 4-NBT causing>40% hemolysis,
50 μM causing ˜20% hemolysis, and 25 μM causing ˜10% hemolysis,
which was comparable to the DMSO group (Fig. 3B).

ROS is one of the factors that induce apoptosis and cause oxidative
damage. Single-celled protozoan parasites, such as P. falciparum, have
been shown to induce apoptosis (Mutai and Waitumbi, 2010); thus, a
TUNEL assay was performed to examine if this also occurs in B. microti
infections. In Fig. 3D, the 4-NBT treatments (blue and green dots) were
colocalized, thus indicating that the genomic DNA broke and cells were
in the later stage of apoptosis, while in contrast, B. microti treated with
DMSO showed few signs of apoptosis. Ultimately, a concentration of
50 μM was selected for subsequent experimentation.

3.4. Proteomic analysis

B. microti possesses approximately 3500 proteins, which makes it
the smallest protozoon in Apicomplexa (Cornillot et al., 2013). Herein,
960 proteins were identified within all the samples (Supplemental file
1), with 118 proteins significantly up-regulated in the TNB group
(50 μM 4-NBT) relative to the control and 37 down-regulated (Supple-
mental file. 2). Differences in the 67 significantly differential proteins
that met all of the above criteria were then further examined using
clustering (Fig. 4).

Following GO and KEGG analyses, the identified proteins were
mainly enriched in the areas of binding, catalytic activity, structural
molecule activity, molecular function regulator, and signal transducer
activity. Furthermore, GO analysis for biological process (BP), mole-
cular function (MF), and cellular component (CC) of the identified
proteins were shown in Fig. 5. Rich factor (≤1) were shown as numbers
above the orange bar, which represented the enrichment. And p values
(≤0.05) were shown as the orange bar, which represented the

Fig. 3. Effect of 4-NBT on B. microti growth
and erythrocyte lysis. (A) Growth curve of
treated B. microti in vitro using the SYBR
method, with IC50 values in the diagram. (B)
Growth curve of treated B. microti in vivo, with
parasitemia counted via flow cytometry and
microscopically. (C) The degree of hemolysis
and (D) TUNEL staining showing in situ DNA
fragmentation were examined in B. microti
following 4-NBT treatment.
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significance of enrichment in this GO term. In the biological processes
category, the identified proteins were predominantly enriched in the
areas of cellular process, metabolic process, biological regulation, reg-
ulation of biological process, cellular component organization, and
biogenesis. KEGG pathway analysis showed that the identified proteins
were predominantly enriched in pathways associated with protein
synthesis, processing, and degradation (Fig. 6).

When attempting to quantify the TrxR target protein using MS, le-
vels were undetectable. However, when utilizing Western blotting
(Supplemental Fig. 1), a low level of detection was obtained, which was
unquantifiable and thus unusable for comparative analysis between the

4-NBT and DMSO groups due to the lack of an internal reference. In the
4-NBT group, Trx1 (A0A286LPJ8), a downstream TrxR target, was
identified. Additionally, ribonucleoside-diphosphate reductase (rNDP;
A0A1N6LXI8), which has a reducing ability and drives the free radical
mechanism of TrxR, had a 14.7-fold increase.

As an Apicomplexan, the metabolic demands of B. microti are
minimal and highly dependent on glucose fermentation for energy
production and redox regulation. In our report, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; P-value=0.0055, fold- change:
7.78) and pyruvate kinase (PK; only detected in TNB) were up-regu-
lated. In glycolysis, PK catalyzes the final step that yields one molecule

Fig. 4. Heatmap of differentially expressed proteins between TNB (4-NBT-exposed) and TDM (DMSO-exposed) following clustering analysis. A total of 67 differ-
entially expressed proteins in the TNB group relative to TDM were examined. The ratio of protein expression levels between TNB and TDM was standardized, with
differential proteins having a ratio> 2 or<0.5 and P-value<0.05. All sequence hits for quantitative proteins were identified using the UniProtKB database.
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of ATP, while GAPDH catalyzes the sixth step and simultaneously re-
duces NAD+ to NADH, which can aid cells under oxidative stress.
Additionally, GAPDH has been implicated in initiating apoptosis (Tarze
et al., 2007) and can act as a chaperone protein for labile heme within
cells in the context of maintaining cellular iron homeostasis (Sweeny
et al., 2018). Taken together, these findings suggest that ROS is gen-
erated following the inactivation of GAPDH and PK in treated B. microti,
and to gain enough energy and reducing power, namely, ATP and
NADH, the organism must then actively attempt to up-regulate GAPDH

and PK.
Based on the obtained proteomics results, we selected some differ-

entially expressed and interested proteins and further verified via qPCR
(Fig. 7). While most of the expression levels were consistent with the
MS results, rNDP translation and transcription were not consistent, with
protein levels up-regulated when compared to the mRNA levels.

Fig. 5. GO analysis for biological process, molecular function, and cellular component of the identified differential proteins in the TNB group relative to the TDM
group.

Fig. 6. The top 20 KEGG pathways containing differential proteins in TNB relative to TDM.
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4. Discussion

Since B. microti is an intraerythrocytic protozoal parasite, identi-
fying a selective BmTrxR inhibitor was necessary. Once 4-NBT was
found to specifically inhibit BmTrxR, factors associated with oxidative
stress, such as ROS levels, lipid peroxidation, and protein carbonyls,
were evaluated. Furthermore, label-free quantitative proteomics was
utilized to study the effect of TrxR inhibition on B. microti protein ex-
pression. The results showed a significant change in expression asso-
ciated with glycolysis, synthesis, and protein degradation. To our
knowledge, this is the first proteomic report to examine B. microti
without TrxR activity and shows the significance of TrxR in B. microti
survival.

While Auranofin and CDNB have been shown to be highly efficient
in reducing TrxR activity in P. falciparum (Andricopulo et al., 2006), 4-
NBT (PfTrxR IC50 = 2 μM, human TrxR IC50 = 50 μm) and 2,4-DNPS
(PfTrxR IC50 = 0.5 μM, human TrxR IC50 = 4 μM) were shown to have
the highest specificity of the 15 examined inhibitors. Furthermore,
these two inhibitors were found to be noncompetitive and to not sig-
nificantly interact with the TrxR C-terminal redox center or NADPH
binding site. Furthermore, from the report of Andricopulo, 4-NBT
(IC50=11 μM) showed a good efficiency to anti plasmodium falciparum
using the detection method of SYBR GREEN I. However, 4-NBT
(IC50=246.1 μM) showed a poor efficiency to anti B. microti. There
was not great dissimilarity of TrxR inhibitor effectiveness between B.
microti and P. falciparum, but anti-parasites were huge. What's more,
from the results of TUNEL and reinjected perspective, 4-NBT indeed
damaged B. microti. The SYBR Green I result was doubted, which may
be attributed to the culturing method. The technology of B. microti
culture in vitro is still a big problem in the world. And this culture
method keeps the parasites in a good state from the view of morphology
and the increased number of parasites in single RBC, but the para-
sitemia cannot rise obviously. Another possible explanation may be that
B. microti may be dead after 4-NBT treatment, but the DNA still binds
the SYBR Green I. Moreover, the TUNEL assay results showed that 4-
NBT treatment in B. microti promotes apoptosis.

In this study, a label-free technology based on a MaxQuant algo-
rithm for protein quantification was used to identify and analyze the
composition and changes in B. microti protein expression following 4-
NBT treatment relative to DMSO. This is the second study to derive a B.

microti protein expression profile, with the first study utilizing hydrogel
affinity nanoparticles and identifying ∼500 proteins (Magni et al.,
2018). Herein, 960 proteins were detected, which is nearly double the
previous amount and suggests that label-free technology can provide
higher sensitivity.

ROS can react directly with cellular lipids, proteins and DNA
(Regner et al., 2014) and cause cellular oxidative damage and dys-
function. In this case, B. microti would need to repair the DNA, but these
markers have yet to be identified. Even still, some up-regulated proteins
involved in DNA synthesis and repair, such as A0A1N6LXI8,
A0A0K3AQ96, and I7IT34, were identified; with rNDP being a key
regulatory enzyme that modulates the rate of DNA synthesis so that the
DNA to cell mass is maintained at a constant ratio during cell division
and DNA repair(Herrick and Sclavi, 2007).

In lipid metabolism, membrane lipids are the most vulnerable to
ROS and have the biggest impact on B. microti survival. Choline-phos-
phate cytidylyltransferase (PCYT1, A0A1N6LX56) was identified only
in treated B. microti and plays an important role in regulating mem-
brane phosphatidylcholine content. Furthermore, choline/ethanola-
mine kinase (CKI1, A0A1N6LWH6), which was also up-regulated in 4-
NBT treated samples, is an enzyme that catalyzes the first reaction in
the choline and ethanolamine pathway for glycerophosphocholine and
glycerophosphoethanolamine biosynthesis, which are major membrane
phospholipids (Gibellini et al., 2008). Ethanolamine is also a compo-
nent of the glycosylphosphatidylinositol (GPI) anchor, which is neces-
sary for cell-surface protein attachment (Tian et al., 2006). Long chain
acyl-CoA synthetase 5 (A0A1R4A9U4; P-value=0.0327, fold-
change=5.9) was also identified and plays a key role in lipid bio-
synthesis and fatty acid degradation.

In pathways associated with protein processing in the endoplasmic
reticulum, eight differentially expressed proteins were identified. These
include disulfide-isomerase A6 (A0A1R4ACL8) (Gruber et al., 2006)
and three kinds of heat shock proteins (I7IHJ7, A0A0K3AMK7, and
A0A1R4ACI0) (Picard, 2002) that participate in protein folding, E3
ubiquitin-protein ligase synoviolin (SYVN1, A0A1R4ABB7) that parti-
cipates in protein degradation and unfolding (Lilley and Ploegh, 2005),
and others (I7I9× 0, I7JAC4, A0A1R4ACH6) that play a role in ubi-
quitination (Lass et al., 2008; Meyer et al., 2000; Zhong et al., 2009).
The up-regulation of these proteins suggests that the endoplasmic re-
ticulum is under stress, which correlates with the oxidative stress that is
caused by TrxR inhibition. Moreover, dysfunction of the endoplasmic
reticulum would result in misfolded and unfolded proteins accumu-
lating. Thus, it should be unsurprising that seven proteasome subunits
[A0A1N6LX91, I7J8S2, I7ISS4, I7I8K2, A0A0K3APP5 (PSMB7),
A0A0K3ARH8, and A0A1R4AAG6] and nine ribosome subunits (I7IPL1,
I7IP19, I7I8K7, I7J968, I7IS73, I7J653, I7JDE2, I7I9Z7, and I7IFK2)
were up-regulated to boost protein levels and aid in B. microti survival
in the presence of 4-NBT
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