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Abstract

Objective: We systematically investigated the cytotoxic effects of ricin in primary pulmonary
alveolar macrophages (PAMs).

Methods: Primary PAMs were isolated from BALB/c mice. The cytotoxic effects of ricin were
investigated in vitro by optical and transmission electron microscopy, detection of the inflamma-
tory cytokine response, proteomic analysis, and subsequent biological functional analysis.
Results: Ricin induced shrinkage, apoptosis, vacuolization, and multi-organelle lesions in primary
PAMs as demonstrated by optical and transmission electron microscopy. Ricin also induced a
pronounced pro-inflammatory cytokine response in primary PAMs, including induction of tumor
necrosis factor-a, interferon-y, interleukin (IL)-1, IL-2, IL-6, IL-12, C-C motif chemokine ligand 2,
and C-X-C motif chemokine ligand 2, while the anti-inflammatory cytokines IL-4 and IL-10 were
less affected. Proteomic analysis and subsequent biological functional analysis identified eight
proteins that were up/downregulated by ricin treatment and which might thus contribute to
ricin toxicity. These proteins were involved in various functions, including redox, molecular
chaperone, glycolysis, protein translation, and protein degradation functions.

Conclusion: The results of the present study further our understanding of the pathogenic
mechanism of inhalational ricin poisoning.
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Introduction

Ricin is a type II ribosome-inactivating pro-
tein that can be easily purified from the
castor bean plant Ricinus communis. It is
the most toxic phytotoxin and has been cat-
egorized as a Category B agent by the US
Center for Disease Control and Prevention.
Its high toxicity, low cost, and easy prepa-
ration make ricin a potential biological war-
fare agent,' and it has previously been used
in multiple assassination attempts.” Ricin
contains two polypeptide chains linked
through a disulfide bridge. The A chain is
the toxic moiety, which catalytically cleaves
28S rRNA and prevents the binding of
elongation factor 2 (EF-2), resulting in ter-
mination of protein synthesis and cell
death.®> The B chain is the lectin moiety,
which is responsible for transporting ricin
into cells through binding primarily to the
galactose residues of cell surface glycolipids
or glycoproteins.* The A and B chains can
also bind to mannose residues.”°

Previous studies in rodents and non-
human primates demonstrated that inhala-
tion of aerosolized ricin caused severe lung
lesions and acute respiratory distress syn-
drome.” Pulmonary alveolar macrophages
(PAMs) play a central role in the mechanism
of ricin toxicity.® Following pulmonary
intoxication, inflammatory cells and neutro-
phils migrate to the lungs.” Ricin first
encounters PAMs in the alveolar lumen and
induces their apoptosis, resulting in a halving
of the number of PAMs as early as 18 hours
after intoxication.'® Ricin then causes further
necrosis of lung bronchiolar epithelial cells

and type II alveolar cells, ultimately resulting
in death due to respiratory failure."!

The PAMs present in the alveolus are
immune cells that are responsible for fight-
ing off invading pathogens, ecliminating
aged or damaged cells, and maintaining
the organism’s homeostasis. Macrophages
are particularly sensitive to ricin because
they express both galactose and mannose
residues on their cell surface,*'? and are
therefore frequently used to study the
mechanism of ricin toxicity. Most previous
studies have used tumor cell lines such as
Raw 264.7 or J774A.1 cells;'* > however,
the characteristics of tumor cell lines and
normal cells differ,'*'® and systematic
research on ricin cytotoxicity using normal
or primary cells is limited.

In the present study, we isolated primary
PAMs from mice and evaluated the cyto-
toxic effects of ricin at the cellular, subcel-
lular, gene, and protein levels. There are
currently no licensed treatment options to
prevent or cure ricin poisoning, and symp-
tomatic therapy is one of the most widely
used and effective strategies. The results of
the present study clarify the response of pri-
mary PAMs to ricin and thus provide new
insights to aid the future development of
novel therapeutic drugs.

Materials and methods

Extraction of primary PAMs

Primary PAMs were isolated from healthy
6-week-old BALB/c female mice (Center of
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Experimental Animals of Jilin University,
Changchun, China). All animal studies
were conducted in strict accordance with
the Guide for the Care and Use of
Laboratory Animals of the Academy of
Military Medical Sciences. All animal
experiments were approved by the Animal
Care and Use Committee of the Academy
of Military Medical Sciences (approval no.
SCXK 20160008). The lungs were lavaged
with 2 mL phosphate-buffered saline (PBS).
The bronchoalveolar lavage fluid was
washed three times by centrifugation at
140 x g for 5 minutes and resuspended
with  RPMI 1640 medium supplemented
with 10% fetal bovine serum, 100 U/mL
penicillin, and 0.1 mg/mL streptomycin.
The cell suspension was cultured at 37°C
in a 5% CO, incubator with humidified
air. Macrophages were purified by remov-
ing non-adherent cells following culture for
4 hours. All procedures were performed
within a sterile environment.

Cell viability assay

The morphological characteristics of the
cells were observed by staining with modi-
fied Wright—-Giemsa stain (Sigma-Aldrich;
Merck KGA, Darmstadt, Germany)
according to the manufacturer’s protocol.

The phagocytic activity of primary
PAMs was determined by adding chicken
erythrocytes to a final concentration of
10*/mL and incubated for 12 hours. The
degree of phagocytosis was then observed
under an optical microscope (Nikon
Corporation, Tokyo, Japan).

The half maximal inhibitory concentra-
tion (ICsq) of ricin (Sigma-Aldrich, Corp.,
St. Louis, MO, USA) was tested by MTS
assay (Promega Corporation, Madison,
WI, USA). In brief, the cells were grown
in 96-well plates and treated with serially
diluted ricin (0-10° ng/mL) for 12 hours,
followed by the addition of 20 pL MTS to
each well. After incubation for 2 hours at

37°C, the absorption was determined at
490 nm. All experiments were performed
in triplicate.

Pathological analysis

Pathological lesions induced by ricin were
observed at cellular and subcellular levels.
For cellular-level observations, the cells
were treated with 1 ng/mL ricin and
observed under an optical microscope
after 0, 6, and 12 hours at x100, x400,
and x600 magnifications. For observations
at a subcellular level, the cells were treated
with 1 ng/mL ricin for 12 hours and adher-
ent cells were then collected by trypsiniza-
tion. After three washes with PBS, the cells
were centrifuged at 140 x g for 5 minutes
and resuspended with 2.5% glutaraldehyde
fixative. The cells were then observed under
a transmission electron microscope (JEOL,
Ltd., Tokyo, Japan).

Analysis of cytokines and chemokines

Cytokine and chemokine gene expression
levels in the cells were determined by real-
time reverse transcription-quantitative
polymerase chain reaction (RT-qPCR)
assay. Total RNA was extracted from the
cells using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific, Inc., Waltham,
MA, USA). First-strand cDNA was synthe-
sized from the total RNA using M-MLV
(Takara Bio, Inc., Otsu, Japan) with oligo
(dT)s for RT-PCR analysis. mRNA expres-
sion levels of the genes encoding tumor
necrosis factor-o  (TNF-o), interferon-y
(IFN-y), interleukin (IL)-1a, IL-1b, TL-2,
1L-4, 1L-6, IL-10, IL-12b, C-C motif che-
mokine ligand 2 (CCL2), and C-X-C
motif chemokine ligand 2 (CXCL2) were
determined by RT-qPCR assays performed
in triplicate using an Applied Biosystems
7500 Real-Time PCR system (Applied
Biosystems; Thermo Fisher Scientific, Inc.)
with SYBR Green Master mix (Takara Bio,
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Table I. Primer sequences used for quantitative real-time polymerase chain reaction assays.

Target Primer sequence
TNF-o forward 5 -CATCTTCTCAAAATTCGAGTGACAA-3'
reverse 5 - TGGGAGTAGACAAGGTACAACCC-3
IFN-y forward 5-ACCTGTTCTTTGAAGTTGACGGAC-3
reverse 5-CTCCACAGCCACAATGAGTGATAC-3'
IL-1o forward 5 -TGATGAAGCTCGTCAGGCAGAAGT-3'
reverse 5'-TCTCCTCCCGACGAGTAGGCATA-3’
IL-15 forward 5-ACCTGTTCTTTGAAGTTGACGGAC-3’
reverse 5.-CTCCACAGCCACAATGAGTGATAC-3’
IL-2 forward 5 -CCTGAGCAGGATGGAGAATTACA-3'
reverse 5-TCCAGAACATGCCGCAGAG-3’
IL-4 forward 5-ACAGGAGAAGGGACGCCAT-3’
reverse 5-GAAGCCCTACAGACGAGCTCA-3
IL-6 forward 5-CAAAGCCAGAGTCCTTCAGAGAG-3’
reverse 5-GTCTTGGTCCTTAGCCACTCCTT-3’
IL-10 forward 5-GGTTGCCAAGCCTTATCGGA-3
reverse 5-ACCTGCTCCACTGCCTTGCT-3/
IL-12p forward 5-GGAAGCACGGCAGCAGAATA-3'
reverse 5 -AACTTGAGGGAGAAGTAGGAATGG-3'
CCL2 forward 5-GTTGGCTCAGCCAGATGCA-3'
reverse 5-AGCCTACTCATTGGGATCATCTTG-3’
CXCL2 forward 5-CCCTGGTTCAGAAAATCATCC-3/
reverse 5 -TCTCAGACAGCGAGGCACAT-3'
p-actin forward 5-CAACCGTGAAAAGATGACCCAG-3/

reverse

5'-GACCAGAGGCATACAGGGACAG-3’

Inc.)."” The mRNA levels were normalized
against the f-actin housekeeping gene.’*>!
The primer sequences used for PCR are
listed in Table 1. The expression of each
mRNA relative to f-actin was determined
using the 27T method.?**

Protein sample preparation,
two-dimensional gel electrophoresis
(2-DE) and matrix-assisted laser
desorption/ionization-time of flight mass
spectrometry (MALDI-TOF/MS) analysis

Ricin-treated (1 ng/mL) and control cells
treated with PBS (12 hours post-exposure)
were collected and suspended in lysis buffer
(9.5 M urea, 4% CHAPS, 65 mM dithio-
threitol, and 0.2% carrier ampholyte) con-
taining a protease inhibitor cocktail (Roche

Diagnostics GmbH, Mannheim, Germany).
Following lysis for 30 minutes, the suspen-
sion was centrifuged at 30,428 x g for
5 minutes at 4°C. The supernatant was col-
lected and protein concentrations were
determined using a Protein Assay kit (Bio-
Rad Laboratories, Inc., Hercules, CA,
USA). Protein aliquots equivalent to
100 mg were stored at —80°C prior to
their use. Proteins were separated by 2-DE
(Bio-Rad Laboratories, Inc.).>* The 2-DE
gels were scanned using a GS-710 imaging
densitometer (Bio-Rad) and the digitized
images were analyzed using PDQuest soft-
ware (Bio-Rad). Protein spots were cut
from the gels, destained, washed, and kept
in 0.2 M NH,HCO3 for 20 minutes, and
then lyophilized. Each spot was digested
overnight with 12.5 ng/mL trypsin in
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0.1 M NH4HCOs;, and the digested proteins
were extracted three times with 50%
Acetonitrile, 0.1% Trifluoroacetic acid
solution. All mass spectra data were
acquired using an AutoFlex MALDI-
TOF/TOF mass spectrometer with LIFT
technology (Bruker Daltonics, Bremen,
Germany). MS/MS data were acquired
with an N2 laser at a 25-Hz sampling rate.
Peptide mass fingerprinting (PMF) and MS
data were combined by FlexAnalysis and
the combined data set was submitted to
MASCOT for protein identification.
MASCOT provides a probability-based
Mowse score which 1is expressed as
—10 x log(P), where P is the probability.
Protein scores >63 are considered statisti-
cally significant (P < 0.05). The above pro-
cess was repeated three times. The criteria
for selecting protein spots: (i) spots with
>two-fold expression changes between con-
trol and experimental groups; (i) reproduc-
ible spots detected in all three replicate
experiments; and (iii) successful identifica-
tion of spots using MALDI-TOF analysis.
The functions of the proteins were deter-
mined by literature search.

Statistical analysis

Statistical analysis was performed using
SAS software version 9.3 (SAS Institute,
Inc., Cary, NC, USA). Cytokine/chemo-
kine levels were compared using ANOVA,
and comparisons between two groups were
tested using the Student—Newman—Keuls
method. P < 0.05 was considered to indicate
a significant difference.

Results

Extraction and identification of
primary PAMs
Primary PAMs were harvested by bron-

choalveolar lavage from BALB/c mice.
The lavage fluid mainly contained

macrophages, lymphocytes, and erythro-
cytes (Figure la). The macrophages were
further purified by collecting adherent cells
after a short culture period. Wright-Giemsa
staining revealed a high degree of purity
(Figure 1b).

The phagocytic activity of the purified
macrophages was assessed by adding chick-
en erythrocytes to the culture dish. The
macrophages engulfed the erythrocytes
within 12 hours (Figure 1c). The primary
PAMSs were also sensitive to ricin, with an
ICso of 1 ng/mL (Figure 1d). These results
confirmed that the purified primary PAMs
demonstrated high phagocytic activity
and purity.

Pathological observation of primary PAMs
treated with ricin

Cellular level. Pathological lesions in PAMs
were detected at the cellular level by optical
microscopy. Control PAMs were morpho-
logically intact with high vigor, good light
transmittance, pleomorphism, and pseudo-
podia (Figure 2a-c). In contrast, cells treated
with ricin began to shrink after 6 hours, and
cellular adherence and light transmittance
were reduced compared with the control
cells (Figure 2d). At 6 hours post-
inoculation with ricin, some cells showed
signs of apoptosis, with fragmented cells
(Figure 2e) and apoptotic bodies (Figure
2f). The lesions had progressed by 12 hours
post-inoculation with ricin, and most cells
exhibited shrinkage, with markedly reduced
light transmittance and cellular adhesion
(Figure 2g). The number of apoptotic cells
and fused macrophages had also markedly
increased at 12 hours post-inoculation
(Figure 2h) and foam-like cells with vacuoles
were also observed (Figure 2i).

Subcellular  level. Pathological lesions in
PAMS were detected at the subcellular
level by transmission electron microscopy.
The cytoplasm in control cells was uniform,
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(a)

(b)
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Figure |. Extraction and identification of primary pulmonary alveolar macrophages (PAMS). (a) Wright-
Giemsa stain revealed that the lung lavage fluid primarily contained (i) macrophages, (ii) lymphocytes, and (iii)
erythrocytes. (b) Selection of adherent cells produced primary PAMs with high purity. (c) Primary PAMs
engulfed chicken erythrocytes, indicating good phagocytic activity. (d) The half maximal inhibitory concen-
tration (ICsp) of ricin in primary PAMs was | ng/mL according to MTS assay.

the filopodia were arranged neatly
(Figure 3a), and the organelle structures
were normal (Figure 3b). By 12 hours
post-inoculation with ricin, the primary
PAMs showed vacuolization with increased
filopodia and various stages of lysosome
development were apparent (Figure 3c and
d). Myeloid bodies, cotton-like deposition,
and cytocannibalism were also observed
(Figure 3e). The cell nucleus became smaller
and showed degeneration, heterochromatin
deposition, and nucleolar margination
(Figure 3¢ and f). Electron-dense deposits
appeared in the cytoplasm (Figure 3g).
The numbers of mitochondria were deplet-
ed and vacuoles and electron-dense deposits

appeared. The mitochondrial membrane
was partially broken and indistinct
(Figure 3h). The endoplasmic reticulum
(ER) and Golgi apparatus were dilated
(Figure 3i and j) and the ribosomes of the
rough ER had partly shed (Figure 3h).

Ricin induced a pronounced pro-inflammatory
cytokine  response in  primary  PAMs.
Inoculation of primary PAMs with ricin
caused hyperinduction of the host pro-
inflammatory response (Figure 4). mRNA
levels of TNF-o, IFN-y, IL-1a, IL-18, IL-2,
IL-6, IL-128, and CXCL2 gradually
increased and peaked at 9 hours post-
inoculation (30.02, 94.33, 667.67, 135.02,
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Figure 2. Morphology and viability of primary pulmonary alveolar macrophages (PAMs) following treatment
with ricin. PAMs were treated with | ng/mL ricin and observed under an optical microscope at 0, 6, and 12
hours at x 100, x400, and x600 magnification. (a—c) Control PAMs were morphologically intact with high
vigor, good light transmittance, pleomorphism, and pseudopodia. (d) At 6 hours post-inoculation with ricin the
cells began to shrink and there showed reduced cellular adherence with lower light transmittance. (e) Some
cells showed signs of apoptosis, with fragmented cells and (f) apoptotic bodies. (g) The lesions had progressed
at 12 hours post-inoculation with ricin, and most cells exhibited shrinkage, reduced light transmittance and
adhesion. (h) Apoptotic cells and fused macrophages increased and (i) foam-like cells with vacuoles were
observed. i, fragmented cells; ii, apoptotic body; iii, apoptotic cell; iv, fused macrophages; v, foam-like cell.

30.08, 185.31, 13.84, and 386.41-fold
increases, respectively; all P<0.05 com-
pared with baseline). CCL2 was also upre-
gulated and peaked at 6 hours post-
inoculation (8.76-fold increase; P < 0.05).
Levels of the anti-inflammatory cytokines
IL-4 and IL-10 were less affected by ricin
(less than two-fold changes).

Proteome analysis of primary PAMs treated with
ricin. The differential expression of proteins
in primary PAMs incubated with ricin was

further investigated wusing proteomics.
A total of 10 proteins were clearly differen-
tially expressed between the ricin and con-
trol groups based on the results of 2-DE
(Figure 5a and b) and PDQuest software
analysis (Figure 5c) (Table 2). A more
detailed view is shown in Figure 6. The pro-
teins were enzymatically hydrolyzed and
subjected to MALDI-TOF/MS, which suc-
cessfully identified the proteins (Table 3).
The differentially expressed proteins were
involved in various functions, including
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Figure 3. Pathological lesions in primary pulmonary alveolar macrophages (PAMs) induced by ricin. PAMs
were treated with | ng/mL ricin for 12 hours and adherent cells were collected, washed, resuspended with
2.5% glutaraldehyde, and observed under a transmission electron microscope. a and b, control group; c—j,

ricin-treated group; i, myeloid body; ii, cytocannibalism.

redox, blood homeostasis, molecular chap-
erone, glycolysis, protein translation, and
protein degradation functions.

Discussion

The lungs are the body’s respiratory organ
and are responsible for gas exchange with
the external environment, making them sus-
ceptible to invasion by aerosolized patho-
gens. PAMs are the primary phagocytes of
the immune systems and serve an important
role in maintaining lung homeostasis, elim-
inating exogenous pathogens, and regulat-
ing immune responses by secreting multiple
cytokines. Primary cells are isolated directly
from a living organism and their biological
characteristics are therefore considered to
be similar to cells within the body.
Physiological and immune response tests
using primary cells are therefore more
likely to yield representative results than
similar tests using tumor cell lines, and
may be more helpful in terms of under-
standing the body’s response mechanisms.
Inhalation of ricin has previously been

shown to induce severe pulmonary lesions,
and PAMs have demonstrated an impor-
tant role in this process.® In the present
study, we therefore isolated primary
PAMs from mice by bronchoalveolar
lavage and evaluated the cytotoxic effects
of ricin in these primary PAMs.

Ricin induced a pronounced pro-
inflammatory cytokine response in the pri-
mary PAMs, which was consistent with the
results of previous studies. Meghan et al. >’
observed that macrophages served a central
role in the pulmonary inflammatory process
triggered by ricin, while Licastro et al.*®
revealed that ricin induced the release of
TNF-o and IL-1f by human peripheral-
blood mononuclear cells. TNF-o was also
upregulated in J744A.1 macrophages'*
and RAW 264.7 cells.” Ricin inhalation
has been shown to transcriptionally activate
pulmonary gene expression of IL-6 in
BALB/c mice.>” However, previous studies
only examined a few pro-inflammatory
cytokines, and information on the effects
of ricin on the induction of pro-
inflammatory cytokines in primary PAMs
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Figure 5. Proteomic analysis of primary pulmonary alveolar macrophages treated with ricin. Proteins in
(a) the control group and (b) the ricin-treated group were separated by two-dimensional electrophoresis,
visualized using Coomassie Blue staining, (c) and analyzed using PDQuest software. The spots representing
significantly different protein expression levels (arrows) were selected for further mass spectrometric
analysis. More detailed views are shown in Figure 6.

Table 2. Numerical values of protein spots with
differential expressions were analyzed using
PDQuest software.

damage though aerosol contamination.
Furthermore, the use of primary PAMs
means that the results might better repre-
sent the immune responses in the lung fol-

SSP Group C Group E Jowing inhalational ricin exposure.

2906 914.1 56448 T<?n prote.:ins were shown tF) be‘si.gniﬁcant-
3407 440 | 10562.2 ly differentially expressed in ricin-treated
3809 2047.3 11663.0 compared with control primary PAMs.
4301 3227.9 6725.7 Subsequent biological functional analysis
4802 656.3 7544.5 revealed that eight of them might potentially
5301 12760.0 0 contribute to ricin toxicity, though further
5406 27866.6 6996.4 studies are needed to clarify their roles.

5601 7847.5 >613.7 Protein disulfide-isomerase (PDI) is a
5902 2982.1 10791.2 . . . . .

8804 61487 14885.8 multi-functional thioredoxin located in the

Standard spot (SSP) numbers were assigned to each pro-
tein spot by PDQuest software. Each SSP number
uniquely identifies one protein. Group C: control group,
Group E: ricin-treated group.

plasma membrane, secretory vesicles, the
Golgi apparatus, and most abundantly in
the ER.?® PDI was previously revealed to
be involved in the reduction of ricin to its
composite A and B chains in the ER >3

is lacking. In the current study, we analyzed and may also regulate the retro-
the effects of ricin on numerous translocation of cholera toxin.*' The
inflammation-related cytokines, including  increased expression of PDI observed in

TNF-o, IFN-y, IL-1«, IL-1p, IL-2, IL-4,
IL-6, 1L-10, IL-12p, CCL2, and CXCL2,
thus providing important additional
information on the mechanisms of ricin

ricin-treated primary PAMs warrants fur-
ther investigation.

T-complex protein-1 (TCP-1) was up-
regulated in ricin-treated primary PAMs.
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Figure 6. Segments of two-dimensional electrophoresis gel maps derived from control and ricin-treated
primary pulmonary alveolar macrophages. Arrows indicate differentially expressed proteins.
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Table 3. MALDI-TOF/MS identification of differentially expressed proteins.

NCBI

Accession MW Isoelectric  Up/down-
SSP number Name (KDa) point regulated  Function
8804 NP_035162 Protein disulfide-isomerase 574 4.77 Up Redox
5902 CAD29888 Alb Serum albumin 70.7 5.75 Up Blood homeostasis
3809 NP_031662 T-complex protein | subunit beta 57.8 5.97 Up Molecular chaperone
4802 NP_031663/ T-complex protein 60.0/58.5 5.72/824 Up Molecular chaperone

NP_033967 | subunit epsilon/delta

4301 AAHI9578 Peroxiredoxin 4 31.3 6.67 Up Redox
5601 NP_032854 Phosphoglycerate kinase | 44.9 8.02 Down Glycolysis
5301 NP_075608 Alpha-enolase 475 6.37 Down Glycolysis
2906 NP_031933 Elongation factor 2 96.2 6.41 Up Protein translation
3407 NP_036095 Proteasome subunit alpha type-1  29.8 6.00 Up Protein degradation
5406 NP_035229 Pyruvate kinase isozymes M1/M2 584 7.18 Down Glycolysis
SSP: standard spot number.
TCP-1 is a molecular chaperone and a production.’”*® In the present study,

member of the chaperonin-containing
TCPI1 complex, also known as the TCP1
ring complex, which consists of two identi-
cal stacked rings, each containing eight dif-
ferent proteins. It assists in the folding of
proteins in an ATP-dependent manner.
This chaperonin complex has previously
been shown to be required for the efficient
delivery of anthrax toxin into the cytosol of
host cells,*> and was upregulated in mouse
macrophages treated with anthrax toxin.>?
A systematic mammalian genetic interac-
tion map revealed that knockdown of
TCP-1 significantly increased the sensitivity
of mammalian cells to ricin,** suggesting
that an increase in TCP-1 expression levels
may be one mechanism by which primary
PAMs are able to withstand ricin.
Peroxiredoxins (PRDXSs) comprise an
extended family of small antioxidant pro-
teins with a conserved thioredoxin-
dependent catalytic function, which help
to protect cells from reactive oxygen spe-
cies.*>¥ PRDXs are classified as PRDX
1-6, and protect cellular components
through their antioxidant functions. A pre-
vious study reported that ricin induced oxi-
dative stress in the livers of mice and
increased lipid peroxidation and superoxide

PRDX 4 was upregulated in ricin-treated
primary PAMs, suggesting that it might
be involved in a protective mechanism to
counter ricin-induced oxidative stress.

Expression levels of phosphoglycerate
kinase 1 (PGK-1), a-enolase (ENO-1), and
pyruvate kinase isozymes M1/M2 (PK-M1/
M?2) were decreased in the presence of ricin.
These are all glycolysis-associated proteins
that serve critical roles within the glycolytic
signaling pathway. PGK-1 catalyzes the
transfer of high-energy phosphate from
the 1-position of 1,3 diphosphoglycerate
(1,3-DPG) to ATP, converting 1,3-DPG
into 3-phosphoglyceric acid.*® ENO-1 cata-
lyzes the dehydration of 2-phosphoglycer-
ate to phosphoenolpyruvate in the last
steps of the catabolic glycolytic signaling
pathway,*® while PK-M1/2 catalyzes the
transfer of a phosphoryl group from phos-
phoenolpyruvate to ADP, generating pyru-
vate and ATP. These results indicate that
ricin may target cellular energy metabolism,
reducing cell vitality and contributing to
cell death.

EF-2 serves an important role in eukary-
otic polypeptide chain elongation by cata-
lyzing the translocation of peptidyl-tRNA
on the ribosome.*' The ricin A chain
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inactivates 28S ribosomal RNA and pre-
vents the binding of EF-2, resulting in ter-
mination of protein synthesis and cell
death. EF2 was previously shown to have
a protective effect against the inactivation
of ribosomes by the ricin A chain.** The
upregulation of EF-2 in ricin-treated
primary PAMs may thus help to counteract
the ricin-induced termination of pro-
tein synthesis.

The proteasome is a multi-functional
protease complex that cleaves most cytosol-
ic proteins, regulates protein turnover, and
maintains cellular homoeostasis.** Previous
studies have demonstrated that mammalian
cells can be sensitized after knockdown of
the proteasome or inhibition of its proteo-
Iytic activities.**** The increased protea-
some expression observed in the present
study may thus act as a protective mecha-
nism to prevent the aggregation of unfolded
ricin A chain.***°

This study had some limitations.
Notably, the purity of the primary PAMs
was only demonstrated using Wright—
Giemsa staining, and further studies using
additional cell-detection methods are
required to confirm the results. More stud-
ies are also needed to clarify the mecha-
nisms and roles of these differentially
expressed proteins.

The results of the present study con-
ducted in primary PAMs clarify the patho-
logical lesions caused by ricin and identify
important cytokine and protein changes
potentially associated with ricin toxicity.
These findings contribute to an improved
understanding of the pathogenesis of ricin
toxicity and may aid the development of
novel agents to prevent or treat ricin
intoxication.*¢
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