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The effects of T-2 toxin on the prevalence and
development of Kashin—Beck disease in China:
a meta-analysis and systematic review

Danyang Li, % Jing Han,*+* Xiong Guo,® Chengjuan Qu,? Fangfang Yu® and Xiaofang Wu®

To reveal the influence of T-2 toxin detection rate and detection amount in food samples on Kashin—Beck
disease (KBD), and define a linking mechanism between T-2 toxin induced chondrocytes or cartilage
damage and KBD pathological changes, seven electronic databases were searched to obtain epidemiological
and experimental studies. For epidemiological studies, subgroup analyses of the positive detection rate (PDR)
of the T-2 toxin and PDR of the T-2 toxin with concentrations (PDRC of T-2) >100 ng 9‘1 were carried out,
together with a histogram of the T-2 toxin concentrations in different food types in KBD and non-KBD areas.
For experimental studies, a systematic review of a variety of chondrocyte and cartilage changes and damage
induced by the T-2 toxin was performed. As a result, in epidemiological studies, meta-analysis demonstrated
that the T-2 toxin PDR and the overall PDRC of T-2 toxin >100 ng g~ showed a slightly significant increase
in KBD areas than that in non-KBD areas separately. From the histogram, T-2 toxin accumulation was more
serious in endemic areas, especially in wheat flour samples. In experimental studies, the T-2 toxin could
induce damage of chondrocytes and cartilage, and inhibit cell proliferation by promoting apoptosis and cata-
bolism as well as intracellular injuries, which is similar to the characteristics of KBD. In conclusion, the
amount of T-2 toxin detected has a more significant influence on KBD prevalence and development as
compared to the T-2 toxin detection rate. Besides, the T-2 toxin induces chondrocyte and cartilage damage
through apoptosis, catabolism promotion and intracellular impairment, which is similar to the KBD change.
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T-2 toxin, a kind of trichothecene mycotoxin, is produced by
the Fusarium fungus." In 1968, the T-2 toxin was separated and
purified for the first time by Bamburg et al.”> With a wide range
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of distribution in many parts of the world,* the T-2 toxin can
be detected in approximately 20% of the food samples from 12
European Union countries.* Meanwhile, it has been reported
that the T-2 toxin was found in up to 65% of corn samples in
New Zealand.” Dietary ingestion is claimed as the most
common route for human exposure to the T-2 toxin. Moreover,
T-2 toxin contamination shows no specificity to food samples,
and can occur in a number of field crops (wheat, maize, barley
and oats) and processed grains (malt, beer and bread)." The
T-2 toxin is demonstrated to have a variety of toxic effects on
both experimental animals and humans, including dermal tox-
icity, lethal effects with disruption of the central nervous
system, inhibition of protein, DNA and RNA synthesis® as well
as damage of chondrocytes and cartilage.

Kashin-Beck disease (KBD), an endemic, chronic and
deformed osteoarthropathic disease, was first reported in
1849.” KBD mostly occurs from northeastern to southwestern
China, south-eastern Siberia and North Korea.® In China,
there are about 0.7 million patients and 105 million residents
living in endemic areas that are at risk.’ It is reported that
KBD can affect the growth of articular cartilage, and further
lead to apoptosis and necrosis of chondrocytes. The common
syndromes of KBD are joint pain, stiffness in the morning,
motion restriction of the elbow and finger joint, joint enlarge-
ment and joint space narrowing.'® The etiology of KBD is still
unclear. In China, the proposed risk factors include selenium
deficiency, organic acid contamination in drinking water, and
fungal contamination of staple grains.""

Previous epidemiological studies have confirmed that the
concentration of the T-2 toxin in endemic food samples
remains at a high level (2.0-1549.4 ng g~', with an average of
468.7 ng g ). In addition, it is also reported that the patho-
logic changes of the cartilage in chicks fed with food contain-
ing the T-2 toxin are quite similar to KBD patients in animal
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studies.® However, it is still difficult to confirm that the T-2
toxin is one of the important etiological factors for KBD,
because discrepancies exist in the detection rate and the
amount of T-2 toxin detected from the staple food in KBD
endemic and non-endemic areas (in China, national criteria of
WS/T 207-2010 (http:/www.moh.gov.cn/zwgkzt/s9500/201006/
47920.shtml) and GB 16395-2011 (http:/www.moh.gov.cn/
zwgkzt/s9500/201207/55322.shtml) were applied for the diag-
nosis of KBD and the determination and classification of KBD
endemic areas respectively). Since lots of experimental studies
have been performed to investigate the mechanism of T-2
toxin in chondrocytes or cartilage damage at present, a com-
prehensive and systematic review is really needed for better
understanding the effects of T-2 toxin on the prevalence and
development of KBD.

Therefore, a meta-analysis and systematic review of the
effects of T-2 toxin on the prevalence and development of KBD
are carried out in the present study. This review will focus on
the influence of T-2 toxin detection rate and detection amount
in food samples on KBD prevalence and development, as well
as the role of the T-2 toxin on chondrocyte or cartilage damage
in human or animal subjects and its mechanisms.

2 Materials and methods
2.1 Search strategy

With respect to the search strings: for epidemiological studies,
search strings of “KBD” or “Kashin-Beck disease”, “T-2 toxin”
and “Endemic detection” were used; and for experimental
studies, search strings of “cartilage” or “chondrocyte” and “T-2
toxin” were applied. Seven electronic databases: MEDLINE,
Web of Knowledge, EMBASE, Google Scholar, CNKI (Chinese
National Knowledge Infrastructure), CBM (Chinese Biomedical

Chengjuan Qu, Female, Finland.
Department  of  Integrative
Medical Biology, Umed Univer-
sity, Umed, Sweden. A senior
researcher ~with more than
10-year experience in cartilage
tissue engineering with primary
chondrocytes, and mesenchymal
and pluripotent stem  cells.
Teaching experience in anatomy
and stem cell biology. Docent in
Tissue Engineering, Department
of Applied Physics, the University
of Eastern Finland, Kuopio,
Finland. Doctor’s thesis on Articular Cartilage Proteoglycan and
Biosynthesis, Department of Anatomy, the University of Eastern
Finland, Kuopio, Finland. Eight-year clinical experience in diagno-
sis and examination in Radiology, Tianjin, China. E-mail address:
chengjuan. qu@gmail.com.

Chengjuan Qu

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c5tx00377f

Published on 18 February 2016. Downloaded by RSC Internal on 12/06/2018 14:21:43.

Toxicology Research

Literature Database), and the Wan Fang database were used
independently for the search process together with other rele-
vant published studies. There were no restrictions on the
language, date, design and publication of the studies. The last
update search was conducted on May 29", 2015.

2.2 Included/excluded criteria

All studies following the search strategy could be divided into
epidemiological studies and experimental studies and both of
them could be initially included in this article if: (1) they were
written in English or Chinese; (2) they had original data and
results; (3) for epidemiological studies, they should be related
to KBD and the T-2 toxin, the specimens should be food
samples, positive detection rates (PDRs) or average content of
T-2 toxin should be obtained from KBD endemic and non-
endemic areas (intervention and control groups) without any
other interventions; (4) for experimental studies, they should
address only the effect of T-2 toxin on chondrocyte or cartilage
damage, and the research studies on T-2 toxin plus other inter-
ventions would be excluded. Studies would be excluded if they
failed to meet any one of the criteria.

2.3 Study selection

Firstly, all included titles were screened by three reviewers
(LDY, HJ and YFF) in order to remove duplicate studies. Then
the abstracts of the selected studies were reviewed if they met
the selection criteria. Any articles that did not match the stan-
dards were excluded. And after full-text articles were assessed
for eligibility, some of them were eliminated because of data
duplication or nonconformity to the criteria.

2.4 Methodical evaluation

For the epidemiological studies, after being carefully reviewed,
all the included studies were found to be cross-sectional
studies. Thus the AHRQ (Agency for Healthcare Research and
Quality) standard'® was applied for assessing the studies.
According to the standard, 11 items (Table 1) were evaluated
by answering with “Yes”, “No” or “Unclear” respectively,
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including the source of information, the character of the sub-
jects, the quality assessment of the articles and so on.
Experimental studies were divided into in vitro studies and
in vivo studies. Due to the lack of an agreed evaluation stan-
dard at present, the “Evidence Pyramid”"® and the grading
system of the previous studies'®'> were used. For the in vitro
studies, the articles were evaluated according to the following
standards: (A) systematic reviews (including meta-analyses) of
studies in vitro; (B) with comparable baseline; (C) baseline
unknown; and (D) no comparable baseline. For the in vivo
studies, the evaluation standards used were the following: (A)
systematic reviews (including meta-analyses) of studies in
animals; (B) randomized controlled studies, or inbred animal
studies; (C) controlled studies; and (D) non-controlled studies.

2.5 Data extraction and collection

For the epidemiological studies, data were extracted from
cross-sectional studies after all the selected articles had been
reviewed, including study design, location, total number of
food samples, types of investigated food in each area, the
number of samples with detectable T-2 toxin, T-2 toxin
content >100 ng g~' and the distribution (i.e., medians,
means) of T-2 toxin in different types of food samples.

For the experimental studies, because of the heterogeneity
across the data, descriptive methods and data extraction tables
were used for extracting experimental data from every study fol-
lowing PICO (P: sources, I: interventions, C: control study, O:
outcomes) standards. Data extraction was performed by two
independent reviewers (LDY and HJ); any disagreement was
resolved by consensus.

2.6 Data analysis

In epidemiological studies of selected cross-sectional articles,
meta-analysis (subgroup analysis) of the PDR of T-2 toxin and
PDR of T-2 toxin with concentrations (PDRC of T-2 toxin) >100
ng g~ in KBD and non-KBD areas was performed according to
food types by using Stata 12.0, the relative risks (RRs) with
95% confidence intervals (ClIs) were estimated. The hetero-
geneity was quantified by the I statistic among different studies.
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Table 1 Methodological quality of cross-sectional studies according to the AHRQ standard

Luoetal. Yangetal. Sunetal. Fengetal. Liuetal. Baoetal. Sunetal
1992"7 1995'® 1997"° 2004%° 2004%! 2005 2012%
(1) Define the source of information (survey, record review) Y Y Y Y Y Y Y
(2) List inclusion and exclusion criteria for exposed and Y Y Y Y Y Y Y
unexposed subjects (cases and controls) or refer to previous
publications
(3) Indicate time period used for identifying patients Y Y Y U Y Y Y
(4) Indicate whether or not subjects were consecutive Y Y Y Y Y Y Y
if not population-based
(5) Indicate if evaluators of subjective components of study U U U U U U U
were masked to other aspects of the status of the participants
(6) Describe any assessments undertaken for quality assurance U Y Y Y U U U
purposes (e.g., test/retest of primary outcome measurements)
(7) Explain any patient exclusions from analysis 9) U 0) 9) 8) U U
(8) Describe how confounding was assessed and/or controlled U U U U U U Y
(9) If applicable, explain how missing data were handled in U U U U U U U
the analysis
(10) Summarize patient response rates and completeness of Y Y Y Y Y Y Y
data collection
(11) Clarify what follow-up, if any, was expected and U U U U U U U

the percentage of patients for which incomplete data
or follow-up was obtained

AHRQ: Agency for Healthcare Research and Quality; Y: yes; U: unclear.

A “Fixed-effect” model was used when the heterogeneity was
statistically insignificant, otherwise a “Random-effect” model
was used (when P < 0.05) to pool RRs. Low, moderate and high
heterogeneity were considered when I* = 25%, 50%, 75% sep-
arately. In addition, a histogram of the T-2 toxin concen-
trations in various food types from endemic and non-endemic
regions was shown by using Microsoft Excel 2003.

In the experimental studies, we reviewed the effects of T-2
toxin on chondrocytes and cartilage from humans and
animals. In in vitro studies, the discrepancies of the morpho-
logical and ultrastructural changes of chondrocytes, cell viabi-
lity and proliferative activity discrepancies, as well as the
metabolism, apoptosis of chondrocytes and other changes in
chondrocytes were estimated. Furthermore, the morphological
and radiological changes of chondrocytes and cartilage, intra-
cellular changes of chondrocytes and metabolism of the extra-
cellular matrix in cartilage were investigated as well. The
supposed toxic mechanism of the T-2 toxin on the prevalence
and development of KBD, including chondrocytes and carti-
lage damage through apoptosis, catabolism promotion and
intracellular impairment, was proposed by drawing a con-
clusion from the extracted data.

3 Results

3.1 Search results and study quality

A total of 1999 citations were initially included in this article.
After the titles or abstracts were reviewed, 82 articles were
enrolled for full text reviewing. Finally, 72 articles were
selected and assessed against the exclusion criteria, including
seven epidemiological articles and 65 experimental articles
[33 in vitro studies and 33 in vivo studies (one article covers
both the in vitro and in vivo studies)'®] (Fig. 1).

734 | Toxicol Res., 2016, 5, 731-751

The methodological quality of all included cross-sectional
studies of the epidemiological studies were basically in accord-
ance with the selection requirements, as most of the studies
were assessed as having five or six “Yes” answers to the items
of the AHRQ standard (Table 1). Meanwhile, for experimental
studies, all the in vitro studies were evaluated as grade B with a
comparable baseline according to the previously mentioned
criteria. Additionally, 29 of the in vivo studies were randomized
controlled studies (RCTs), and four were controlled studies.

3.2 Accumulation of T-2 toxin in food samples of
epidemiological studies

3.2.1 Characteristics of epidemiological studies. The
characteristics of all included 15 epidemiological studies in
seven articles'’ > are shown in Table 2. Most of the investi-
gations were performed from 1990 to 2010 in the Northwest
and Northeast of China. Four kinds of food including wheat
flour (six studies), wheat (two studies), corn flour (five studies)
and rice (two studies), were investigated in these studies. Ten
food studies showed the results of the PDR of the T-2 toxin
with a maximum rate of 100% in five KBD and one non-KBD

1922 The highest content of T-2 toxin in the average of
—123

areas.
wheat flour samples in endemic regions was 468.7 ng g
and 152.1 ng g~ " in the control regions,'® respectively.
3.2.2 Meta-analysis of PDR of T-2 toxin in epidemiological
studies. Subgroup analysis of eight studies in five articles'®>?
was pooled to measure the difference of PDR of the T-2 toxin
between endemic and normal areas (Fig. 2). The heterogeneity
of the studies was examined with the “Fixed-effect model”,
which showed no statistically significant differences in the
heterogeneity of the studies within the different subgroups
(overall: P = 0.795, I’ = 0.0%; wheat flour: P = 0.671, I* = 0.0%;
corn flour: P = 0.494, I* = 0.0%; rice: only one study). The

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Flow chart of the study selection process.

overall PDR of the T-2 toxin in endemic regions was slightly
higher than that in control regions [Pooled RR = 1.27, 95% CI
(1.10, 1.46)] indicating a significant difference in efficacy (Z =
3.26, P = 0.001). In addition, the T-2 toxin detection rate in
wheat flour was a bit higher in KBD areas than that in control
areas, but no obvious differences were observed in the T-2
toxin detection rate in the corn flour or rice in KBD areas
when compared with that in control areas [wheat flour: RR =
1.26, 95% CI (1.08, 1.46); corn flour: RR = 1.37, 95% CI (0.97,

This journal is © The Royal Society of Chemistry 2016

1997 Records identified through Additional records identified
§ database searching through other sources:
'é Epidemiological studies: n=532 n=2
?é Experimental studies: n=1465
]
]
— A\ 4
336 Records after duplicates removed
Epidemiological studies: n=77
Experimental studies: n=259
o 1581 Records excluded:
'g (1) Not English or Chinese,
o . ..
g (2) Without original data and
A 4 results,
1663 Records screened (3) For epidemiological studies:
Epidemiological studies: n=456 i: not related to KBD and T-2
Experimental studies: n=1207 toxin, ii: no food samples,
iii: no control groups,
(4) For experimental studies:
i: not related to cartilage or
chondrocyte,
ii: without T-2 toxin group
2
3 \ 4
& ] ; :
= 82 of Full-text articles assessed 10 Full-text articles excluded with
for eligibility p _”;as"“j' 4
) Epidemiological studies: n=7 ¥ () studiesrwid outl Statlecldata or
Experimental studies: n=75 res'u iz
(2) duplicate data
y
ks
= 72 Studies included
g Epidemiological studies: n=7
Experimental studies: n=65

1.93); rice: RR = 0.36, 95% CI (0.02, 5.30)]. Furthermore, the
efficacy showed a significant difference in wheat flour between
KBD areas and control areas (wheat flour: Z = 3.03, P = 0.002;
corn flour: Z=1.81, P = 0.070; rice: Z = 0.74, P = 0.459).

3.2.3 Meta-analysis of PDRC of T-2 toxin >100 ng g~' in
epidemiological studies. A total of four studies in three
articles”®*"** were included for assessing the PDRC of T-2
toxin >100 ng g~ in different subgroups for meta-analysis
(Fig. 3). Since the heterogeneity of studies was insignificant

Toxicol. Res., 2016, 5, 731-751 | 735
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—~| g o FergdsEg | % | $o flour: P = 0.815, I> = 0.0%; corn flour: only one study), the
o | < - “Fixed-effect model” was applied. The overall PDRC of T-2
o0
o . —1 . . .
N (=}
g toxin >100 ng g~ was much higher in KBD areas than that in
i .
£ A normal areas with pooled RR = 3.472, 95% CI (2.045, 5.895),
g | g S - . .
b & which indicated a significant difference in efficacy (Z = 4.61,
S I N B B i B B R B B P < 0.001), meanwhile, the PDRC of the T-2 toxin >100 ng g~ "
= was significantly higher in wheat flour than that in corn flour
3 g y hig
pvt N DN SN between endemic regions and non-endemic regions [wheat
& eIR, ®Bs 8§ 8 & &
o | 8 Bl o | ERGSRED 13181 flour: RR = 3.32, 95% CI (1.95, 5.66); corn flour: RR = 6.22,
= g o 95% CI (0.38, 102.93)] with a significant difference in efficacy
E = (wheat flour: Z = 4.43, P < 0.001; corn flour: Z = 1.28, P =
Y %2}
9] [} o o oSN f oM (=]
o | = | & — I3 0.202).
5 é - 3.2.4 Difference of T-2 toxin average contents in epidemio-
g 8 . . . . .
SI2|&|TRETEYYRE |8 2% logical studies. The differences of T-2 toxin contents in
different groups were compared with a histogram made from
L . . . . . . ! .
2 N <o3RaINBLT the nine studies in six articles (Fig. 4)."®*® Almost in every
=g ERXCRIASSESS®ER study, the average contents of T-2 toxin were much higher in
o | = 18 S38 — Y; g g
s | o endemic areas than that in normal areas. According to the
% S Food and Agriculture Organization (FAO) standard related to
R food contamination with the T-2 toxin (the maximum detec-
| B o el el oz tion of T-2 toxin <100 ng g~'),>* the average contents of the T-2
Bl A S . a
© o a * - toxin in five studies were above 100 n. ! (three wheat flour
g8
S samples and two corn flour samples in endemic areas, and
g 3 cor8 g R8coo one corn flour sample in a non-endemic area) in all nine
© o SO NA NS S S . . .
3 S| M| coovbmomAnBS NG A studies. More seriously, the average contents of the T-2 toxin
-3 o .
El 2| E|Q in three food samples (two wheat flour samples and one
§ = J’a’ -‘é cogvogwonaZnYEn corn flour sample) from endemic areas were more than
o é 5| & il 200 ng g*,"®' which exceeded the human tolerance per day
g 3 t | = oo o O e based on the standard.>® The T-2 toxin contamination in food
g 5| 3 . . .
5|81z &] 7@~ T samples, especially in the wheat flour samples was obviously
< . = ou N e o existent in the endemic areas.
3 tent in the end
) v 585 2525 2533
c 2 = = o =RCR=R-= . . .
= Z| g = = = = = = = = = 288 4 3.3 Effects of T-2 toxin on chondrocytes or cartilage in
o o O EUVUE QQUVELVEOLELL L =} - .
~ S| 55885585552 38 experimental studies
i £ | BOBOKRBOROKRBROBRRE £
5 = 3.3.1 Effects of T-2 toxin on chondrocytes in in vitro
w [} .
3 > o studies
S - g 5 . .
2 E = S Morphological observations of chondrocyte damage and cell
12 50 4 B . . . . . 26-37 . .
T = g S v proliferation. A total of 12 in vitro studies were involved in
T £ 50 1) g .
S g c:f £ = g the assessment of the damage effects of the T-2 toxin on chon-
O > S 5 . P
b 2, & 3 zZ 3 8 drocyte morphology. As shown in Table 3, the T-2 toxin in
1 - B - o - . .
2 g S § a & 8 8 different doses could induce the damage of the cell structure
3 <8 3 5] % = E 5 3 in the human fetus, Wistar rats and rabbits with a decrease in
5 g o0 g v . . . )
g = £ .;‘ S ;ﬂ z § = cell density and increase of cell separation, and incomplete
o =] ‘B . . .
Tz e E.E §0 5 g2 5% é cytomembrane when observed by an inverted/light micro-
£ % g g . . .
5 5 %—5 § 2. 3£ ‘E’ 8 ) scope. Scanning electron microscopy (SEM) images showed
S SR .
4 %53 @ :’c: £258F = that collagen microfibrils and cytoskeleton were decreased in
= =R 8 = ~ . .
2 %‘% g g s =5 %"g & chondrocytes from a chicken embryo treated with the T-2
1] - = . . .
g 2| g 5 2 5 = goﬁ ’ggo g toxin. Furthermore, the results of transmission electron
o S| = 9 = g . .
js 7| RED 2 T 22 2z% £ microscopy showed that the nucleus, cytoplasmic and endo-
Y © o 8 plasmic reticulum damage could be found in most chondro-
c ~ AN o) aQ - 99 O . .
3 Han § H'S § q, ‘“g o b cytes of the human fetus, Wistar rat and rabbit after the co-
w0 . . . .
3 2 = 2 9 g ]% B culturing of chondrocytes with different doses of T-2 toxin for
~ IS g IS § < T é 4-5 days. Membrane damage could also be detected in rabbit
‘%; « § %‘3 g %0 § 5 g g and chicken chondrocytes from these three studies.>*™* The
- = S R 7R < S A &~ same inhibitory effect on the cell viability and proliferative
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Subgroup analysis of positive detection rate of T-2 toxin in endemic and non-endemic areas

Study %

D RR (95%CI) Weight
.

Wheat flour ‘ :

Yang et al. 199518 —_— 1.00 (0.60, 1.66) 9.93

Feng et al. 200420 —_ 126 (0.99, 1.61) 2133

Liu et al. 2004%! — 126 (0.99, 1.61) 2733

Bao et al. 20052 —— 148 (1.03,2.13) 10.74

Subtotal (I-squared =0.0%, p = 0.671) Q 126 (1.08, 1.46) 7533
i

Com flour :

Yang et al 10958 —_— 0.88 (0.34,225) 424

Sun etal 19977 —s
20

Feng et al. 2004

Subtotal (I-squared = 0.0%, p =0.494)

122(0.73,2.06) 447
1.57(1.00,2.46) 13.78
137(0.97,193) 2248

Rice
Yang et al. 1995 = 0.36 (0.02, 5.30) 218

I
1
f———
_:_._
)
1
1
1
i
" 1
~ i
Subtotal (Lsquared=%,p=) == T———ea 0.36 (0.02, 3.30) 218
1
1
1
1
1
: .

Overall (Isquared = 0.0%, p = 0.793) 127(1.10, 1.46) 100.00

T
0249 1 401
Favors non-endemic areas Favors endemic areas

Fig. 2 Subgroup analysis of the positive detection rate of the T-2 toxin in endemic and non-endemic areas.

Subgroup analysis of positive detection rate of T-2 toxin with concentrations > 100 ng/g

Study in endemic and non-endemic areas %

D RR (95% CI) Weight
Wheat flour i

Yang et al. 1995 18 —o-'— 2.67(0.87,8.15) 28.82
Feng et al. 2004 —a— 421(1.67,10.63) 2644
Liu et al. 2004 21 —— 3.21(1.45,7.09) 39.65
Subtotal (I-squared=0.0%,p=0.815) <> 332(1.95,5.66) 9491

Yang etal. 1995 '8 6.22 (0.38,102.93) 5.09

Subtotal (I-squared = %, p=.) T 622(0.38,102.93) 5.09

~

Corn flour i

Overall (I-squared = 0.0%, p=0.900) <> 3.47(2.04,5.89) 100.00
T ; T
00971 1 103
Favors non-endemic areas Favors endemic areas

Fig. 3 Subgroup analysis of the positive detection rate of the T-2 toxin with concentrations >100 ng g~* in endemic and non-endemic areas.
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Fig. 4 Histogram of the T-2 toxin content in endemic and non-endemic areas (EA: endemic areas; NEA: non-endemic areas; *: T-2 toxin average

content >100 ng g~ **: T-2 toxin average content >200 ng g~%).

activity of chondrocytes could be seen in the 14 in vitro studies
(Table 4).>7*%38749 Thig effect was independent of the concen-
tration of the T-2 toxin.

Apoptosis  of chondrocytes. The results of 10
studies®®>%39:40:42:44,6,5051 were included in the analysis of
apoptosis of chondrocytes, and shown in Table 5. In less than
five days of T-2 toxin intervention, the apoptotic rate of chondro-
cytes in humans, human fetus and broiler chicken was sig-
nificantly increased in a concentration-dependent manner,
when analyzed by flow cytometry (FCM) analysis. The mRNA
and protein levels of Fas and p53 were increased in human or
human fetus chondrocytes after being treated with T-2 toxin.
In the Bel-2 family, Bax mRNA and protein expression were up-
regulated, whereas Bcl-xL expression was down-regulated after
treatment with the T-2 toxin. The ratio of Bcl-2/Bcl-xL at the
protein level was consistent in different studies. Moreover,
both caspase-9 and caspase-3 at the protein and mRNA levels
increased after T-2 toxin treatment. In addition, JNK, p38 and
mitochondrial pathways were involved in mediating the apop-
tosis by the T-2 toxin.

Metabolism of chondrocytes. The metabolic inhibition of T-2
toxin-treated chondrocytes was found in the 13 in vitro studies
(Table 6)."6:2938:41,43,45747,49,52°55 After T-2 toxin intervention,
the expression of matrix metalloproteinases (MMPs, MMP-1, 3,
13) at the gene and protein levels, aggrecanase-1, 2 mRNAs
and a disintegrin and metalloproteinase with thrombospondin
motifs 4, 5 (ADAMTS 4, 5) proteins, and pro-inflammatory
factors such as IL-1f, IL-6 and TNF-a were increased. Mean-
while, tissue inhibitors of metalloproteinase 1-3 (TIMP 1-3),
alpha-2-Macroglobulin (a,M), collagens (total collagen, type I,
11, IX), proteoglycan (PG) and aggrecan were reduced both at

738 | Toxicol Res., 2016, 5, 731-751

the protein and mRNA levels, while collagen X expression at
the mRNA and protein levels was still controversial. Addition-
ally, other factors such as CD44, hyaluronan synthetase 2
(HAS2) and integrins at the mRNA and protein levels were also
changed.

Other intracellular changes in chondrocytes (Table 7). Alteration
of DNA and proteins. A total of four studies*****>”° related to
DNA and protein alteration showed that the T-2 toxin caused
DNA damage and the content reduction of DNA, matrix pro-
teins and glucuronic acid (GLcUA) in a concentration-depen-
dent manner (Table 7).

Mitochondrial damage. All four in vitro studies
referred to the damage of mitochondria and showed that the
T-2 toxin destroyed the antioxidant defense system, including
the inhibition of glutathione peroxidase (GPx) activity and
intracellular glutathione (GSH) content. The T-2 toxin
increased the reactive oxygen species (ROS), but reduced the
levels of mitochondrial transmembrane potential (A¥,,) and
cellular adenosine triphosphate (ATP) in a dose-dependent
manner. Furthermore, the activities of complexes III-V, H'-ATP
enzyme and cytochrome C oxidase rather than complexes I, II,
citrate synthase and succinate dehydrogenase were restrained
by the T-2 toxin in chondrocytes from the human and chick
embryo.

Oxidative stress. The two studies related to oxidative
stress indicated that the levels of ROS and malondialdehyde
(MDA) were increased after exposure to the T-2 toxin, while the
activities of alkaline phosphatase (ALP) and GSH were
decreased. Simultaneously, up-regulated activities of catalase
(CAT) and superoxide dismutase (SOD) (two important anti-
oxidases) by the T-2 toxin were observed.

35-37,40

46,49
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Table 3 Morphological damage in chondrocytes

Interventions Outcomes
TEM (Damage of)
Endoplasmic
Ref. Sources T-2 toxin Time LM SEM Membrane Mitochondria reticulum Nucleus Cytoplasm
Chen et al. 2005*° Human fetus 1,10,20 ugL™" 5d Y Y Y Y
Chen et al. 2006>” Human fetus 10 ng mL™" 5d Y Y
Chen et al. 2006>® Human fetus 1, 10,20 ngmL™" 5d Y Y Y Y
Li et al. 2008*° Human fetus  0.01 pg mL ™" 18d Nucleus fragmentationt, integral
cytomembrane], cell ghosts?
Huo et al. 1998°°  Wistar rat 0.0005, 0.001, 2d,4d Cell density| Y Y Y
0.005 mg L™*
Wang et al. 2005°' Wistar rat 0.5,1.0 pg L™" 1d Cell falls offt Y Y Y Y
Cao et al. 1994°>  Rabbit 0.005, 0.01, 2d,4d Cell densityl, cell falls offt
0.02 pg mL™*
Cao et al. 1995°°  Rabbit 0.005, 0.01, ad Cell proliferation|, cell density], Y Y Y Y Y
0.02 pg mL™"
Cao et al. 1995°*  Rabbit 0.005, 0.0 1, ad Cell density, cytoplasmic Y Y Y Y
0.02 pg mL™* granulest, irregular cellst
Li et al. 1993%° Chick embryo 0.01 ppm 5d Collagen microfibrils|, Y
cytoskeleton]
Li et al. 1993*° Chick embryo 0.01,0.04 ppm  4d Collagen microfibrils),
cytoskeleton]
Lin et al. 19947 Chick embryo 0.01,0.04 ppm  4d Collagen microfibrils),
cytoskeleton]

Y: yes; 1: increased; |: decreased; LM: light microscope; SEM: scanning electron microscope; TEM: transmission electron microscope. Membrane: segmental defects and membrane protein
particle reduction. Mitochondria: vacuolar degeneration, medullary change, and cristae fracture. Endoplasmic reticulum: cystic dilatation. Nucleus: nuclear condensation, nuclear membrane
thickening, defect, and uneven distribution of chromatin. Cytoplasm: the number of organelle reduction and fuzzy, the number of cytoplasmic lysosomes, vacuoles, medullary structure
increase, some constituents in the cytoplasmic dissolution.
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Interventions Outcomes
Cell viability Proliferation

Ref. Sources T-2 toxin Time (MTT assay) (Cell counting)
Wang et al. 2012°®  Human (C28/12) 1.5625-400 ng ml™* 2-5d i

Han et al. 2013%*° Human 1-500 ng ml™" 2-5d i

Liu et al. 2014"° Human 1-100 ng ml ™" 3-5d i

Yang et al. 2001*" Human fetus 1-8pgl™" 3-7d l

Yang et al. 2001** Human fetus 5,10, 20, 40 pg 17" 3-7d !

Chen et al. 2006>” Human fetus 1,10, 20 ng ml™" 3-5d !

Chen et al. 2006*® Human fetus 0.001-8 mg I 3-5d !

Chen et al. 2006>® Human fetus 1-8000 ng ml™* 2-5d il

Chen et al. 2008** Human fetus 1-8000 ng ml™! 3-5d !

Chen et al. 2011% Human fetus 1-8000 ng m1™" 3-5d i

He et al. 2011*° Broiler chicken 10, 100, 1000 nm/5, 50, 500, 5000 nmol 17* 3,6,9d/48,72 h !

Liu et al. 2008" Zelanian rabbit 1,10, 20, 100 pg 17" 1-5d 1

Liu et al. 2011*8 Zelanian rabbit 1, 10, 20, 100 pg 17 1-5d !

Tian et al. 2012*° Murine (ATDC5) 10, 20, 40, 80 pg 1™ 6,12,24 h !

|: Decreased.

Nitric oxide (NO) synthesis. As shown in studies by Yang
et al. and Chen et al.,*®*” NO was increased in a time-depen-
dent manner after the exposure to the T-2 toxin. The
expression of inducible nitric oxide synthase (iNOS) also had a
significant promotion when treated with the T-2 toxin.

3.3.2 Effects of T-2 toxin on cartilage in in vivo studies

Morphological observation in cartilage. Morphological
changes in cartilage after T-2 toxin treatment were investigated
in 25 in vivo studies (Table 8),°** which were mainly histo-
logical and radiological changes. The histological changes
included: damage of the epiphyseal growth plate, articular
cartilage and chondrocyte necrosis in cartilage after 7-day
exposure to T-2 toxin, which could be classified as a short
term toxic effect of the T-2 toxin; and the injury of the epiphy-
seal growth plate, articular cartilage and chondrocyte in
1-6 months, which would be the consequences of the sub-
chronic toxicity effect of the T-2 toxin. However, no effects of
T-2 toxin treatment have been found in two studies, which
showed no damage on the epiphyseal growth plate after T-2
toxin treatment.”*’® In addition, a study by Pang et al’>
reported a reduction of the bone mineralization rate after
4 week exposure to the T-2 toxin in SD rats’ cartilage. On the
other hand, the radiological changes involved in all four
studies®®®®7° showed that T-2 toxin treatment caused signifi-
cant damage of the epiphyseal growth plate in the cartilage of
Wistar rats after eight weeks exposure.

Intracellular changes in cartilage (Table 9). Cell growth and
metabolism. The inhibition effects of the T-2 toxin on cell
growth and metabolism”®8%8%84
studies (Table 9). The contents of DNA and protein were
decreased by 100 pg per kg BW per d T-2 toxin exposure for 5
or 8 weeks. During the exposure of 1.0 mg per kg BW per d T-2
toxin for 1 week on the cartilage of chicks, DNA fragmentation
was increased. However, the results were still controversial,
and the studies by Sun and Sun et al.”®** showed an insignifi-

were confirmed in four

740 | Toxicol. Res., 2016, 5, 731-751

cant change of DNA fragmentation after five or eight weeks of
100 pg per kg BW per d T-2 toxin intervention.

Oxidative stress. As shown in Table 9, oxidative stress
response was changed with an increase of MDA and thio-
barbituric acid reactive substance (TBARS) contents in the car-
tilage of SD rats fed with 100, 200 ng per g BW per d T-2 toxin
in four weeks. Glutathione peroxidase (GSH-Px), glutathione
peroxidase (GPX), SOD and CAT at the protein and mRNA
levels were decreased.

Apoptosis. With 200 ng per g BW per d T-2 toxin treatment
for 30 days, Bax (an apoptosis regulator) at mRNA levels was
up-regulated, whereas Bcl-2, as an anti-apoptotic protein was
down-regulated. The expression of p53 and caspase-3 was
increased in the costal cartilage of SD rats after T-2 toxin
treatment.

Metabolism of the extracellular matrix in cartilage. Changes
in the cartilage matrix metabolism'®>9 646873,75,76,81,88,89
induced by the T-2 toxin are listed in Table 10. In SD rat carti-
lage, the T-2 toxin at a concentration of 100-200 ng per g BW
per d promoted the expression of MMP-13, IL-6, IL-1f and TNF-
a in four weeks. In cartilage from Wistar rats, different doses
of the T-2 toxin significantly decreased the total collagen at the
beginning of the first week. Meanwhile, changes of collagens
with the increase, breakage and desquamation of collagen
fibers were observed in the cartilage from Wistar rats after
6 months, but fibrils appeared at 3 months for SD rats. Fur-
thermore, type II collagen was reduced, while type I collagen
was increased in the cartilage ECM of chicks when exposed to
100-600 pg per ¢ BW per d T-2 toxin. Proteoglycan and its
components (sulfate groups, hexosamine and glucuronic acid)
were decreased in the cartilage of Wistar rats after 3-6 months
of T-2 toxin intervention. Similarly in the cartilage from SD
rats and chicks fed with T-2 toxin, total PG, sulfated glycosamino-
glycan (sGAG), keratan sulfate and chondroitin sulfate were
also decreased in 4-9 weeks.

This journal is © The Royal Society of Chemistry 2016
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Table 5 Apoptosis in chondrocytes

Interventions Outcomes
Apoptosis
Ref. Sources T-2 toxin Time (FCM) Fas, P53 Bcel-2 family Caspases Others
Yang et al. 2001*>  Human fetus 5,10, 20, 40 pg 17 16 h Y Apoptosis according to
TUNEL staining?
Chen et al. 2005*°  Human fetus 1,10,20 pg /l/10 pg 1™ 5d/1,3,5d Y Bel-2 (P)t, Bax (P)t, Bax/Bcl-2 (P)t
Chen et al. 2006>”  Human fetus 1,10, 20 ng ml™" 5d Y Bel-2 (P)1, Bel-2 (R) (-),
Bax (P, R)t, Bax/Bcl-2 (P)1
Chen et al. 2006>®  Human fetus 1,10, 20 ng ml™" 5d Y Fas (P)1 NOT, iNOS?T
Chen et al. 2008""  Human fetus 1, 10,20 ng ml™* 5d Fas (P, R)?  BelxL (P, R)|, Bcl-2 (P, R) (),  Procaspase-3 (P)?
P53 (P,R)t  Bax (P, R)T, Caspase-3 (P, R)?
Bax/Bcl-2 (P)t,
Bax/Bcl-xL (P)t
Yang et al. 2008°°  Human fetus 1,10,20 pg 17" 5d P53 (P, R)?  BelxL (P)J, BelxL (R) (=) Caspase-3 (P, R)1
Yang et al., 2009°"  Human fetus 1,10,20 pg1™* 5d P53 (P, R)T  BelxL (P)J, BelxL (R) (-) Caspase-3 (P, R)t
Han et al. 2013*°  Human 20 ng ml~! 3d/24h Y AFT2, JNK and p381
Liu et al. 2014"° Human 1,10, 20 ng ml™" 5d Y Caspase-3, 9 (P)t  Cytochrome c release?t
He et al. 2011*° Broiler chicken 5, 50, 500 nmol 17! 48 h Y Caspase-3 (P, R)!  Mitochondrial membrane
potential|, pathological
aggregation of calciumf,
ROST, GPx}
Y: yes; 1: increased; |: decreased; (—): unchanged; P: protein; R: mRNA; FCM: flow cytometry.
Table 6 Metabolism of chondrocytes
Interventions Outcomes
Ref. Sources T-2 toxin Time MMPs, aggrecanase TIMPs,a2M ILs, TNFs Collagens PG, aggrecan Others
Yang et al. 2001*"  Human fetus 8ugl™ 2d IL-1p1, IL-61
Li et al. 2004°* Human fetus — 5d/15d CD44 (R, P)]
Chen et al. 2006"> Human fetus 1,10,20 pg 1! 5d Type I (P, R)|  Aggrecan (P, R)|
Li et al. 2008>° Human fetus 0.01 pg ml™* 5d Aggrecanase-2 (R)1 IL-1$1, TNF-of Aggrecan (R)],  CD44 (R, P)|, sCD44
HA (P)} (P)1, HAS2 (R)]
Chen et al. 2011*> Human fetus 1, 10, 20 ng ml™/ 5d/14d MMP-1 (P, R)T, TIMP1-2 (R)|, Type II (P)|
10 ng ml~ MMP-13 (P, R)1 a2M (P, R)|
Yu et al. 20123 Human fetus 1,10, 20 pug17* 5d Aggrecanase-1, 2 (R)1 Aggrecan (P)|
Lu et al. 2012°*  Human fetus 0.01 pg ml™* 21d MMP1, 3 (P)} TIMP1, 3 (P)J, Type II (P){, Aggrecan (P)]
a2M (P)] type X (P)1
Wang et al. 2012**  Human (C28/12) 1,6, 12ngml™" 3d Integrins av?, p1t,
a2las], B5l, o, a3,
a6, a10, 3 (R) (_)
Chen et al. 2014' Human (C28/12) 20, 40 pg 17" 24h MMP-13 promoter?
Cao et al. 2007>  Wistar rat 0.4,0.8,1.6,3.2pgl™" 24h MMP-13 (P)t
Tian et al. 2012*°  Murine 20 pg 17'/10-80 pg 1" 24 h/1-48 h MMP-3, 9, 12, 13 (P)t, Type I, I, IX,  Aggrecan (P)| HIF-2a (P, R)T,
(ATDC5) ADAMTS4, 5 (P)1 X (P)) IxB-a (P)], SOX9,
Runx2, HIF-1a (R) (—)
He et al. 2011*° Broiler chicken 1, 10,100, 1000 nmol 3,6,9d Total collagen PG (P)| VEGF, Runx2 (R)|
I~ (P) type X (R)!
Liu et al. 2008”7 Zelanian rabbit 1, 10,20,100 pg1™"  5d MMP-3 (R)t Aggrecan (R)

1: Increased; |: decreased; (—): unchanged; P: protein; R: mRNA; HA: hyaluronic acid; sCD44: soluble CD44.
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Table 7 Other intracellular changes in chondrocytes
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Interventions
Ref. Sources T-2 toxin Time Outcomes
Alteration of DNA and proteins
Li et al. 2008>° Human fetus  0.01 pg ml™" 5d DNA content]

Cao et al. 1994°>  Rabbit

0.005, 0.01,0.02 pgml™"  4d
Huo et al. 1998°° Rabbit

0.0005, 0.001, 0.005 mg I 4d

Wang et al. Wistar rat 1, 10,100 pg 17" 24 h
2006°°

Mitochondria damage

Liu et al. 2014*°  Human 1,10, 20 ng ml™" 5d
Lietal. 1993°°  Chick embryo  0.004, 0.01, 0.04 ppm 5d
Lietal. 1993*°  Chick embryo  0.01 ppm 5d
Lin et al. 19947  Chick embryo  0.004, 0.01, 0.04 ppm ad
Oxidative stress

He et al. 2011*®  Broiler chicken 5, 50, 500 nmol 17" 48 h

Tian et al. 2012*° Murine 10, 20, 40 pg 17* 124 h
(ATDC5)

NO synthesis

Chen et al. 2006 Human fetus 1,10, 20 ng ml™* 2d,5d

Yang et al. 2008”7 Human fetus 1, 10,20 pg 1" 2d,5d

1: Increased; |: decreased; (—): unchanged.

4. Discussion

4.1 Interpretation of the discrepancy of T-2 toxin detection
rate and amount

In general, subgroup meta-analysis showed that the overall
PDR of T-2 toxin and PDRC of T-2 toxin >100 ng g~ in food
samples was higher in endemic areas, especially in wheat
powder. Moreover, T-2 toxin contamination in wheat flour was
more serious in KBD endemic areas as compared to non-
endemic areas.

A recent study by the meta-analysis of community-based
trials of changing grains has demonstrated its benefits for the
prevention and treatment of KBD in China,’® which verified
that local food might be one of the factors for KBD incidence.
As T-2 toxin contamination was the most investigated food
contamination in KBD regions, more attention should be paid
to the causes of accumulating T-2 toxin as well as the methods
of controlling and reducing T-2 toxin in staple food. First of
all, because of the climate and soil situation in KBD areas,
local residents preferred to cultivate wheat and corn,®°" and
use wheat flour as their main staple food. However, these areas
were marked by cold temperature and a humid environ-
ment,**"?> which provided suitable conditions for T-2 toxin
synthesis.”* > Thus, it would be better for local people to use
rice for their staple food, which was also proposed in the study
by Sun et al.’°® Secondly, in local endemic areas, inadequate
food farming, harvesting and processing procedures also
increased the opportunity of T-2 toxin propagation.®’*® When
most of the cereals and foodstuffs were placed in a moist
storage environment and bad sanitary conditions, they might
induce more production of the poisoned T-2 toxin.’*°771!
Therefore, the environment for grain processing and storage

742 | Toxicol Res., 2016, 5, 731-751

DNA content], GLcUA content in matrix]
DNA content], protein content |
DNA damage?t

Citrate synthase (—), complexes I, II (—), II-V], A%, |, ATP|, ROST,
GSH|, GPx|

H'-ATP enzymel, cytochrome C oxidasel, succinate dehydrogenase ()
H'-ATP enzyme/, cytochrome C oxidase], succinate dehydrogenase ()
H'-ATP enzymel, cytochrome C oxidasel, succinate dehydrogenase ()

ROST, MDA?, CAT1, SOD1, ALP|, GSH/
ROS?T

NOt, iNOST
NOt, iNOSt

should be improved such as by improving hygienic conditions,
increasing ventilation and reducing wheat flour storage.>?

In addition to KBD areas, Yang et al.'®® reported that up to
80% of wheat samples from seven provinces in China were
contaminated by T-2 toxins in 1992. Our present results indi-
cated that the PDR of the T-2 toxin was up to 60% in most
non-endemic survey sites, and PDRC above 100 ng per g T-2
toxin was found in food samples from three non-endemic
regions. This phenomenon suggested that the T-2 toxin might
easily be generated in food, not only in KBD areas, but also in
non-KBD areas. However, there were many standards for evalu-
ating T-2 toxin contamination. When assessed by the FAO stan-
dard, the PDRC of the T-2 toxin at 100 ng g¢~' in food was
claimed as heavy T-2 toxin pollution. While according to the
World Health Organization (WHO) standard, the maximum
tolerable daily intake of the T-2 toxin was less than 60 ng per
kg of body weight per day (which equaled a daily consumption
of 500 g staple food containing 7.2 ng per g T-2 toxin for an
60 kg adult).>* Thus, due to the difference between the above
two standards, a more reliable standard should be formulated
in order to determine T-2 toxin contamination for further
steps.

4.2 Interpretation of the results from in vitro, in vivo and
KBD studies

4.2.1 Comparison of morphological and ultrastructure
damage. The effects of the T-2 toxin in both in vitro and
in vivo studies including the damage of the chondrocyte mor-
phology, nucleus, cytoplasm, organelle, and membrane were
investigated. The T-2 toxin caused a short term and subchronic
toxicity to chondrocytes and induced damage at the subcellu-
lar, cellular and tissue levels without species specificity. When

This journal is © The Royal Society of Chemistry 2016
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Table 8 Morphological and radiological changes in cartilage

Interventions Outcomes
Damage of Damage of Retardation
epiphyseal articular Chondrocyte  of bone

Ref. Sources T-2 toxin Time growth plate  cartilage necrosis mineralization
Histology changes
Wang et al. 2007°®  Wistar rats 10 pg per kg BW per d/0.1, 7/90d Y Y

0.6 pg per kg BW per d
Kang et al. 2009°°  Wistar rats 1 mg per kg BW per d 2,4w Y Y
Wang et al. 2009%°  Wistar rats 100 ng g~ " 3,6m Y
Yao et al. 2010%" Wistar rats 1 mg per kg BW per d 2,4w Y
Yao et al. 2010%* Wistar rats 10 mg per kg BW per d 4w Y Y
Yan et al. 2010% Wistar rats 0.04 mg per kg BW per d 1,2,4w Y Y
Meng et al. 2011°*  Wistar rats 100, 200, 300 pg kg™ 6 m Y Y
Wang et al. 2011°°  Wistar rats 100 ng g~* 6,10 m Y Y
Yan et al. 2011°° Wistar rats 0.04 mg per kg BW per d 4,8,12w Y
Sa et al. 2012%7 Wistar rats 100 ng kg™ 3,5m Y Y
Kang et al. 2013°®  Wistar rats 0.1 mg per kg BW per d 8, 12w Y
Yan et al. 2014°° Wistar rats 0.04 mg per kg BW per d 4,8,12w Y
Liao et al. 20147°  Wistar rats — 12w Y
Saet al. 2015”" Wistar rats 100 ng kg™ 5m Y
Pang et al. 2000”>  SD rats 0.267 mg per kg BW per d 31d Y
Chen et al. 2010”°  SD rats 100, 200 ng per g BW per d 12w N Y
Chen et al. 2012’*  SD rats 100,200 ng per g BW perd 4w Y
Guan et al. 20137 SD rats 100, 200 ng per g BW per d 4w Y Y
Zhou et al. 2014’®  SD rats 100,200 ng perg BW perd 4w Y
Yang et al. 199477 Chicks 100 pg per kg BW per d 5w Y
Bai et al. 19967° Chicks 100 pg per kg BW per d 30d N
Sun 19977° Chicks 100 pg per kg BW per d 5w Y Y
Liu et al. 1998%° Chicks 1.0 mg per kg BW per d 7d Y
Wang et al. 2006*'  Chicks 100, 600 pg per kg BWperd 5w Y Y
Peng et al. 1993 Chick embryos 0.1, 0.5 pg 8d Y
Radiology changes
Yan et al. 2011° Wistar rats 0.04 mg per kg BW per d 8,12 w Y
Kang et al. 2013°®  Wistar rats 0.1 mg per kg BW per d 8, 12w Y
Yan et al. 2014°° Wistar rats 0.04 mg per kg BW per d 8,12 w Y
Liao et al. 20147°  Wistar rats — 12w Y

Y: yes; N: no; BW: body weight. Histology changes: Damage of epiphyseal growth plate: irregular proliferative cell layers, shorter and sparser cell
columns, focal necrosis in the hypertrophic zone, lamellar necrosis in the hypertrophic or proliferative zones, cell accumulation embedded to
metaphysis; Damage of articular cartilage: a nest-like proliferation of chondrocytes, formation of multiple chondral cell clusters and granulation
tissue in the deep zone of articular cartilage, focal cell necrosis close to the deep zone, abnormal calcification in the necrotic area; Chondrocyte
necrosis: karyopyknosis, chromatic agglutination, organelle reduction, mitochondrial swelling etc.; Retardation of bone mineralization: bone
mineralization rate reduction, osteoid formation. Radiology changes: Damage of epiphyseal growth plate: epiphyseal plate swelling, blurring,
thinning, uneven signal.

Table 9 Intracellular damage in cartilage

Interventions
Ref. Sources T-2 toxin Time Outcomes
Cell growth and metabolism
Sun et al. 1995%*  Chicks 100 pg per kg BW per d 8w  DNA content], protein content|, DNA fragmentation (—)
Sun 19977° Chicks 100 pg per kg BW per d 5w  DNA contentl|, protein content], DNA fragmentation (—)
Liu et al. 1998%°  Chicks 1.0 mg per kg BW per d 7d  DNA fragmentationt

Liu et al. 1998%"  Chicks 1.0,2.0 mg perkg BWperd 1w  DNA fragmentation?t

Oxidative stress

Chen et al. 20127* SDrats 100,200 ng per g BW perd 4w  TBARSt, T-AOC/, SOD|, CAT|, GPX], SOD mRNA|, CAT mRNA/|, GPX mRNA|
Xue et al. 2013%°  SDrats 100, 200 ng per g BW perd 30d MDAT, T-AOC|, SOD|, CAT|}, GSH-Px|, SOD mRNA|, CAT mRNA|, GPX mRNA|
Xue et al. 2014%¢  SDrats 100, 200 ngperg BWperd 4w  MDAT, T-AOC|, SOD|, CAT|, GSH-Px|

Apoptosis

Yang et al. 2011%”  SDrats 200 ng per g BW per d 30d P53 mRNAt, Bax mRNAT, Bcl-2 mRNA|, caspase-3 mRNA?T

1: Increased; |: decreased; (—): unchanged; BW: body weight.
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Outcomes

Interventions

Table 10 Metabolism of the cellular matrix in cartilage

PG, PG components
glucuronic acid| (SP)

Sulfate groups| (SP),
hexosamine| (SP),

Total collagen| (SP)

Collagens

ILs, TNFs

MMPs

Time
100 d

0.2 mg per kg BW per 2 d

T-2 toxin

Sources
Wistar rats

59

Mo et al. 1994°%®

Ref.

PG| (SEM)

Total collagen| (MS)

Collagen fibers appeart (W/VG),
collagen fibers breakage and
desquamation? (SEM)

-1

1 mg per kg BW per d

100 ng g

Wistar rats
Wistar rats

Kang et al. 2009
Wang et al. 2009%°
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chondroitin sulfate| (HC)

Keratan sulfate|,
PG| (AB)

Type I, type IL| (IH)
Type 11} (W/VG)

IL-6 mRNAT, IL-1p mRNA?{

TNF-a mRNA1]

9w

100, 600 pg per kg BW per d

0.4 mg per kg BW

Chicks

Chicks
1: Increased; |: decreased; (—): unchanged; BW: body weight; SP: spectrophotometry; MS: Masson’s staining; W/VG: Weigert/Van Gieson staining; HE: hematoxylin & eosin staining;

TB: toluidine blue staining; AB: alcian blue staining; HC: histochemical staining; IH: immunohistochemistry; SEM: scanning electron microscope.

Hu et al. 1996*°
Wang et al. 2006%"
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compared with the characteristics of KBD patients, some
changes of chondrocytes and cartilages induced by the T-2
toxin were quite similar such as focal chondronecrosis in the
hypertrophic zone of the growth plate and in the deep zone of
the articular cartilage,'”'** suggesting that the T-2 toxin-
induced chondrocyte and cartilage damage was probably one
of the pathological factors of KBD. Therefore, understanding
the complexities of the toxic mechanism should be crucial for
the prevention and treatment of KBD. In addition, the mech-
anism of chondrocyte and cartilage damage induced by the
T-2 toxin could be associated with apoptosis, metabolism
alteration and intracellular changes.

4.2.2 Comparison of proliferation and alterations of anti-
oxidant capacity. The results from MTT and cell counting
showed a restriction effect of the T-2 toxin on the viability and
proliferation of chondrocytes. Both in the chondrocytes and
cartilage, the contents of DNA and proteins were suppressed
in a time and dose-dependent behavior, indicating inhibition
of chondrocyte proliferation and metabolism. Besides, the
increase of superoxide with decreased antioxidant ability
might be responsible for oxidative stress. ROS, MDA, and
TBARS were the factors mediating lipid peroxidation activated
by the T-2 toxin. In contrast, antioxidants such as GSH and
T-AOC were restrained, which reflected the loss of antioxidant
capacity. The antioxidases such as CAT, SOD and GSH-Px were
restrained in in vivo studies, while CAT and SOD were
increased in in vitro studies, which is probably due to the
difference of the oxidative stress extent in different chondro-
cytes and cartilage. In KBD patients, it was reported that
TBARS was elevated, while antioxidant enzymes such as
T-AOC, SOD, CAT and GPX, were suppressed in the
serum,”"'%® which were similar to the changes in the T-2
toxin-intervened chondrocyte or cartilage. Meanwhile, ROS
was increased as one of the mitochondrial apoptotic factors by
T-2 toxin treatment. The T-2 toxin restrained the activities of
complexes, H'-ATP enzyme and cytochrome C oxidase, a mani-
festation of mitochondrial respiratory chain repression. A pre-
vious study has demonstrated that mitochondrial damage
played an important role in the pathogenesis of KBD.'°® There-
fore, all the consequences mentioned above indicated the con-
nection of chondrocytes change between T-2 toxin exposure
and KBD.

4.2.3 Comparison of apoptosis changes. As mentioned
above, the T-2 toxin induced apoptosis in chondrocytes from
humans and animals. The T-2 toxin was able to up-regulate
Fas and p53 as a pro-apoptotic factor.'®”'°® The expression of
factors of the Bcl-2 family as an important regulator of apopto-
sis was altered,'®®''® especially the expression of Bax in the
mRNA and protein levels as well as the ratio of Bax/Bcl-2 and
Bax/Bcl-xL at the protein level. A previous study has shown that
the ratio of pro-apoptotic and anti-apoptotic proteins in the
Bcl-2 family might be the core factor of the apoptosis
process,'"" so the increase of heterodimerization of the Bcl-2
family indicated chondrocytes apoptosis induced by the T-2
toxin. Under the condition of Bcl-2 family changes, the activity
of caspases, especially caspase-3, was finally enhanced to

This journal is © The Royal Society of Chemistry 2016
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mediate apoptosis indispensably.'**'"* As concluded, the T-2
toxin might induce Fas and p53 up-regulation following Bcl-2
family and caspase alteration, which results in chondrocyte
apoptosis. In KBD patients, previous studies have demon-
strated that the expression of Fas, Bax, Bcl-2 and caspases in
chondrocytes also rose,"**™'” thus, the mechanism of chon-
drocyte apoptosis induced by the T-2 toxin is linked to KBD
pathogenesis. Besides, the T-2 toxin also caused other mecha-
nisms related to apoptosis such as NO and mitochondrial-
related pathways which needed more experiments to confirm.
Furthermore, the NO content and iNOS expression were elev-
ated in the serum of KBD patients as well as in the chondro-
cytes after exposure to the T-2 toxin.''®

4.2.4 Comparison of metabolism and ECM degradations.
The cartilage matrix consists of several PGs, glycoproteins and
collagens, most of which are secreted by chondrocytes. Based
on our results, the T-2 toxin perturbs the synthesis of PG and
collagens, especially total collagen and type II collagen in
in vitro and in vivo studies, thereby promoting an excessive cata-
bolism over anabolism. In the cartilage, the collagen changed
after exposure to the T-2 toxin, which demonstrated a meta-
bolic disturbance in the ECM. MMPs, aggrecanases, and
ADAMTSs are the most important enzymes of matrix proteo-
lysis. As reported, the degradation of type II collagen and aggre-
can was accelerated as a result of the elevated expression of
MMP-13 induced by the T-2 toxin.''® Simultaneously, the T-2
toxin triggered up-regulation of aggrecanase-1, 2 activities,
which could directly affect the aggrecan degradation. TIMPs
and a,M are both inhibitors of the MMPs. After T-2 toxin treat-
ment, cartilage degradation was accelerated because of
decreased TIMP 1-3 and a,M expression. Moreover, the T-2
toxin enhanced pro-inflammatory factors including TNF-a,
IL-1p and IL-6. All of them act as a kind of catabolic cytokine
resulting in matrix degradation. Some other molecules such as
CD44 and integrins related to the chondrocyte metabolism
were also influenced by the T-2 toxin, as certified in chondro-
cyte catabolism promotion. In summary, after the cartilage or
chondrocytes being exposed to the T-2 toxin, MMPs and a,M
were increased while TIMPs and aggrecanases were decreased,
which caused the degradation of collagens and PG in ECM as
a result. Interestingly, matrix degradation was also found in
the development of KBD, including a low type II collagen
expression’*>'*! and decreased PG.'*'*> MMP-13 was elevated
in the articular cartilage of both KBD'*' and OA."** Pro-inflam-
matory factors were also increased in the synovial fluid*** and
serum of KBD patients.’>® All of them showed similar altera-
tions in the chondrocytes and cartilage in both KBD and T-2
toxin intervention.

4.3 Suggestions for further studies

Nevertheless, there are still some limitations to be addressed.
For epidemiological studies, data collection among these
papers was insufficient. The overall methodological quality of
the included studies needed to be improved. So far, all studies
on the T-2 toxin were cross-sectional studies, which lacked
continuous and systemic investigation, although most of them

This journal is © The Royal Society of Chemistry 2016
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could be traced back to at least 10 years in the Northeast of
China. Therefore, high-quality and well-designed experiments
are required. It is suggested that survey locations could be
expanded in more KBD regions and focus more on T-2 toxin
concentration in different food types with a unified measure-
ment control condition. In addition, the results may be
limited by potential bias in that few studies referred to the
evaluation of confounding factors. Thus, some information,
such as the effect of evaluators of subjective components, and
the handling of missing data from analysis should be revealed
in further studies. As is known, KBD may be influenced by
many factors such as low selenium, iodine of the grains and
other mycotoxins such as moniliformin (MON) and deoxyniva-
lenol (DON). More details should be provided when measuring
the T-2 toxin content in food. In addition, the relationship
between the T-2 toxin and other factors still needs to be inves-
tigated in future studies.

For experimental studies included in this article, they were
almost at the B level with regard to quality but the evaluation
standard was insufficient. Further standards need to be
improved to assess the relevant experimental studies accu-
rately. According to our results, the T-2 toxin could destroy the
chondrocytes and cartilage through a variety of pathways
including apoptosis, changes of metabolism, DNA and
protein, oxidative stress, mitochondrial damage and NO syn-
thesis. Some of these pathways are linked to each other, such
as the connection of mitochondrial dysfunction and apopto-
sis, 9126127 matrix destruction'*®'* as well as apoptosis and
metabolism degradation.’*®'3' Additionally, some factors,
such as ROS and pro-inflammatory factors are thought to have
effects on different pathways. ROS can play an important role
in apoptosis,"**"** matrix degradation,'*® and is considered a
mediating factor of intracellular regulation. Other studies
demonstrated that pro-inflammatory factors were able to
enhance NO'* and iNOS®” production and induce chondro-
cyte apoptosis as well."*>"*® However, whether the T-2 toxin
has direct or indirect effects on these connected pathways and
the involved factors are not completely confirmed yet. More-
over, since the T-2 toxin in the body is metabolized to HT-2,"*’
some results could be different between in vitro and in vivo
experiments with T-2 toxin exposure. Hence, it is necessary to
clarify different toxic effects of T-2 and HT-2 toxins on in vitro
experiments as well. Finally, cartilage is not the only targeted
organ of the T-2 toxin, some articles®*"*” reported that the T-2
toxin could result in damage in other organs such as the heart,
liver, etc. causing diseases such as Keshan disease, alimentary
toxic aleukia (ATA)"*® and osteoarthritis.”® Thus, an overall
review of the effect of the T-2 toxin on these organs and dis-
eases is also needed to be investigated in further studies.

In order to confirm the etiology of KBD, the most convin-
cing evidence is in accordance with the results from the cohort
and case-control studies in epidemiology. But no studies have
directly shown the causality of the T-2 toxin and KBD at
present. Further confirmation of the etiologic relationship is
needed in subsequent epidemiological investigations. More-
over, with further investigations resulting in the definition of
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clear clinical signs of the T-2 toxin detection rate in KBD
patients, we may draw a more reasonable conclusion about the
effects of the T-2 toxin on KBD prevalence. However, no data
on the T-2 toxin concentration in the human body has been
obtained in any of the studies yet. This review indicates a high-
degree of similarity in the pathology and mechanism of the
T-2 toxin and KBD. Combining the summarized results of
cross-sectional studies and experimental studies, the T-2 toxin
is a likely cause for KBD prevalence. But to some extent, the
conclusion is still preliminary. Current experimental studies
have only provided a possible explanation for the effect of the
T-2 toxin on the pathogenesis of KBD based on similar com-
parison results, and a correlation between KBD and T-2 toxin
is simply presented in cross-sectional, in vitro and in vivo
studies, which excludes population-based studies due to
ethical constraints. Our present results may provide a new
insight for better understanding the effect of the T-2 toxin on
the etiology and pathogenesis of KBD.
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