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Asbestos bodies around chrysotile, crocidolite and erionite ﬁbres inoculated in white rats were studied.
Asbestos bodies are observed after about 40 weeks from chrysotile and crocidolite but do not form from erionite.
The size of the ﬁbres controls the formation of asbestos bodies.
The source of iron to form the asbestos bodies is organic because the dissolution of the ﬁbres is very limited.
A model explaining the formation of asbestos bodies in chrysotile and crocidolite is postulated.
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a b s t r a c t
This work presents a comparative FEG–SEM study of the morphological and chemical characteristics of
both asbestos bodies and ﬁbres found in the tissues of Sprague–Dawley rats subjected to intraperitoneal
or intrapleural injection of UICC chrysotile, UICC crocidolite and erionite from Jersey, Nevada (USA), with
monitoring up to 3 years after exposure.
Due to unequal dosing based on number of ﬁbres per mass for chrysotile with respect to crocidolite
and erionite, excessive ﬁbre burden and ﬁbre aggregation during injection that especially for chrysotile
would likely not represent what humans would be exposed to, caution must be taken in extrapolating our
results based on instillation in experimental animals to human inhalation. Notwithstanding, the results
of this study may help to better understand the mechanism of formation of asbestos bodies.
For chrysotile and crocidolite, asbestos bodies are systematically formed on long asbestos ﬁbres. The
number of coated ﬁbres is only 3.3% in chrysotile inoculated tissues. In UICC crocidolite, Mg, Si, and Fe
are associated with the ﬁbres whereas Fe, P and Ca are associated with the coating. Even for crocidolite,
most of the observed ﬁbres are uncoated as coated ﬁbres are about 5.7%. Asbestos bodies do not form
on erionite ﬁbres. The crystal habit, crystallinity and chemistry of all ﬁbre species do not change with
contact time, with the exception of chrysotile which shows signs of leaching of Mg.
A model for the formation of asbestos bodies from mineral ﬁbres is postulated. Because the three ﬁbre
species show limited signs of dissolution in the tissue, they cannot act as source of elements (primarily
Fe, P and Ca) promoting nucleation and growth of asbestos bodies. Hence, the limited number of coated
ﬁbres should be due to the lack of nutrients or organic nature.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction

∗ Corresponding author. Fax: +39 0592055887.
E-mail address: alessandro.gualtieri@unimore.it (A.F. Gualtieri).
http://dx.doi.org/10.1016/j.jhazmat.2015.11.050
0304-3894/© 2015 Elsevier B.V. All rights reserved.

Asbestos bodies (ABs) in human lungs were ﬁrst described as
peculiar pigmented crystals by Marchand [1], and reported later
by many authors with different names [2–5]. Churg and Warnock
[6] univocally deﬁned the terms asbestos body to indicate bodies
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Fig. 1. (a) a large granular structure formed in correspondence of the termination of a chrysotile bundles after 65 weeks of ct; (b) an AB without a well-deﬁned shape formed
around chrysotile after 65 weeks of ct; (c) ABs with globular shape at both ends of the chrysotile ﬁbres after 80 weeks ct.; (d) section of a circular AB with a secondary coating
layer on a chrysotile ﬁbre after 104 weeks of ct.

containing asbestos ﬁbres, and ferruginous body or pseudoasbestos
body for all non-asbestos-containing structures.
ABs display a variety of shapes like beaded, segmented, dumbbell and others. ABs are generally 20–50 m long [6–8] with a
2–5 m diameter [6,7] although exceptions occur (some exceed
200 m in length [9] or display diameter of only 0.5 m [5]).
The formation of ABs is a complex mechanism involving a number of factors, such as the nature of the ﬁbre, its morphometry,
coating efﬁciency of the animal host and the instillation process.
Haque and Kanz [10] suggested that the time span of formation of
ABs in animals is similar in humans. The formation of an AB was
ﬁrst attributed to hemosiderin organic Fe-storage complex [11,12].
Davis [13] suggested that ABs have a biological origin. According
to Suzuki and Churg [14,15], formation of ABs deposited in lung
parenchyma is due to ﬁbre phagocytosis by alveolar macrophages.
According to Koerten et al. [16], ABs may occur in the extracellular
environment.
Concerning the inﬂuence of the nature of the ﬁbre upon ABs formation, various authors [17–19] noted differences in accumulation
of amphibole vs. chrysotile ﬁbres within the lungs of different animals, following long-term inhalational exposure. Such differences
may be related to the shorter half-life of chrysotile compared to
amphiboles [6,19–20]. In general, ﬁbres coated by ABs always coexist with uncoated ﬁbres. The latter are invariably more abundant,
with the ratio of uncoated to coated ﬁbres which is much larger
in chrysotile than in amphibole asbestos [21]. The infrequency of
chrysotile ABs is likely due to its fragmentation into ﬁne and shorter
ﬁbrils and to the fact that ABs rarely occur on asbestos ﬁbres shorter
than 10 m [22]. As a matter of fact, ABs tend to form only on ﬁbres
longer than 20 m or more [22–24].
Regarding the inﬂuence of the animal host upon ABS formation, in vivo studies performed by Vorwald et al. [23] demonstrated
that the proliferation of ABs is related to the ﬁbres coating efﬁciency of the animal species. Rats are poor formers of ABs whereas

Fig. 2. Black circles = spots of EDS semi-quantitative analyses along the longitudinal
section of an AB from chrysotile formed after 80 (a) and 65 (b) weeks of ct in the
organ.
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Fig. 3. -Raman spectra and reference spectra shown for comparison of (a) an AB formed from chrysotile after 80 weeks of ct; (b) an AB formed from crocidolite after 80
weeks of ct; (c) a chrysotile ﬁbre after 71 weeks of ct; (d) a chrysotile ﬁbre after 80 weeks of ct; (e) a crocidolite ﬁbre after 38 weeks of ct; (f) a crocidolite ﬁbre after 109
weeks of ct; (g) an erionite ﬁbre after 79 weeks of ct; (h) an erionite ﬁbre after 104 weeks of ct.

humans, guinea pigs and hamsters are more efﬁcient creators of
ABs [15,25–28].
The choice of the process of ﬁbres’ injection (intratracheal or
inhalation) has an inﬂuence upon the development of ABs [29]. The
resultant inﬂammatory responses were also quite different [30] so
caution should be used when extrapolating results based on instillation in animals to the real case of human inhalation exposure
[31].

The different factors controlling the formation of ABs also control their chemistry. Harrison et al. [32] showed that the ferritin core
is a ferric oxyhydroxide, presumably (FeOOH) or (FeOOPO3 H3 ) if
phosphate is present. The presence of Ca and P has been conﬁrmed
by Meyer [33] in ABs, and recent studies using synchrotron soft
X-ray imaging have demonstrated that Mg also participates along
with Fe to the coating process [34]. Not all ABs possess a Fe-rich
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coating. Coating of asbestos ﬁbres with spherules of Ca-phosphate
or Ca-oxalate crystals were observed [16].
Despite the huge number of papers directly or indirectly dealing
with ABs, their nature, origin and control/inﬂuence over the cytotoxicity mechanism of asbestos ﬁbres are still a matter of debate.
In particular, it should be clariﬁed if a relationship between the
type of AB and the nature of the mineral ﬁbre, in terms of mineralogy, chemistry and geometrical parameters, exists and the reasons
why only a limited number of ﬁbres are coated. Another matter of
debate regards the source of Fe coating the ﬁbres which is actually unknown and the proviso that coated ﬁbres display a minimal
potential for cytotoxicity with the Fe coating bound in such a way
that it does not efﬁciently participate in the generation of reactive
oxygen species.
In the attempt to shed some light over the issues listed
above, this work reports the results of a combined systematic
ﬁeld emission gun-scanning electron microscopy (FEG–SEM) and
micro-Raman study of the morphological and chemical characteristics of both ﬁbres and ABs present in tissues of male and
female Sprague–Dawley rats which underwent single intraperitoneal or intrapleural injection of UICC chrysotile, UICC crocidolite
and erionite during a long term animal testing for the assessment in vivo of ﬁbre carcinogenicity (speciﬁcally, induction of
mesothelioma). The choice of chrysotile, crocidolite and erionite ﬁbres was prompted by the relevance of these mineral
ﬁbres. Chrysotile is a serpentine layer silicate with ideal formula
Mg3 (OH)4 Si2 O5 ; crocidolite is the ﬁbrous variety of riebeckite, an amphibole double-chain silicate with ideal composition
Na2 Fe3 2+ Fe2 3+ Si8 O22 (OH)2 ; erionite is a ﬁbrous zeolite with mean
chemical formula K2 (Na,Ca0.5 )8 [Al10 Si26 O72 ]·30H2 O. Chrysotile
and crocidolite are the most common asbestos species and have
been used since ancient times for nearly 3000 different applications. The distinctive ﬁbrous-asbestiform crystal habit and surface
activity, responsible for the outstanding technological properties
of asbestos minerals, seem to be also the cause of their potential toxicity. Erionite has a very limited use and is known to
induce mesothelioma [35]. Crocidolite is now banned worldwide
whereas 72% of the countries worldwide admit the safe use of
chrysotile. According to the so-called amphibole hypothesis, only
amphibole asbestos minerals should be considered carcinogens
whereas chrysotile asbestos is assumed to have little potential for
producing mesothelioma [36]. The amphibole hypothesis is supported by the evidence that chrysotile dissolves reasonably quickly
(low biodurability) in the intracellular macrophage environment,
during phagocytosis, whereas amphiboles are much more durable
(high biodurability) and remain in the lungs for a very long time
[37].

2. Experimental
Three mineral ﬁbres of broad economic and social importance
were analysed in situ in histological tissues of male and female
Sprague–Dawley rats by high resolution FEG–SEM microscopy. The
three mineral ﬁbres were: (1)UICC standard chrysotile asbestos
[(Mg5.93 Fe2+ 0.04 Al0.02 Fe3+ 0.08 )6.07 Si4.03 O10 (OH)7.66 ] with impurities of brucite, calcite, clinochlore, dolomite, magnetite, microcline,
pyroaurite and talc; mean length = 16(1) m; mean diameter = 0.5(1) m; (2)UICC standard crocidolite amphibole asbestos
[(Na1.96 Ca0.03 K0.01 )2 (Fe2+ 2.34 Fe3+ 2.05 Mg0.52 )4.91 (Si7.84 Al0.02 )7.86
O21.36 (OH)2.64 ] with minor impurities of hematite, magnetite,
and
quartz;
mean
length = 19(1) m;
mean
diameter = 0.7(2) m; (3) ﬁbrous erionite from Jersey, Nevada (USA)
[(Na5.31 K2.18 Ca0.15 Mg0.11 Fe3+ 0.29 )8.04 (Si27.84 Al7.85 )35.69 O72 ·
28.13H2 O] with impurities of clinoptilolite; mean length = 4(1) m;
mean diameter = 0.8(1) m. These ﬁbre species were characterized

Fig. 4. (a) example of segmentation affecting both crocidolite ﬁbre and its AB coating; (b) an AB on a crocidolite ﬁbre recovered through digestion process after 73
weeks of ct, with a globular clusters at one or both ends of the ﬁbres (inset panel);
(c) a peculiar granular AB recovered through digestion process of the inoculated
pleural tissue.

elsewhere in terms of chemistry, mineralogical composition, ﬁbre
size, surface area and activity [38,39].
The ﬁbres studied here are embedded in unique histological
slides of rats investigated during a past long term project for the
determination of the carcinogenicity of mineral ﬁbres conducted
by the Ramazzini Cancer Research Institute (Bentivoglio, Bologna,
Italy). The description of the in vivo experiments and the details of
the experimental part are reported as Supplementary material 1.
For the in vivo tests on Sprague–Dawley rats, single 25 mg injection of each mineral ﬁbre in 1 ml of H2 O was delivered [40]. For
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the injection in the pleural/peritoneal space of the rats, the calculated number of ﬁbres in 25 mg was 3.2 × 109 ff for chrysotile,
1.0 × 109 ff for crocidolite, and 5.9 × 109 ff for erionite, respectively. The in vivo study was conducted 26 years ago [40] and the
injected ﬁbres were not counted at that time before the injection
process. Hence, the number of injected ﬁbres reported above was
not experimentally determined before the injection step but was
theoretically calculated from the measured size and diameter distribution, assuming ideal densities. For this reason, it is possible
that inaccuracies occur and it is likely that the ﬁgures reported in
Ref. [41],(see Ref. [42] for the characterization of the UICC chrysotile
ﬁbres) are much more accurate as far as the determination of the
number of ﬁbres per mass. As a matter of fact, that study, conducted using a cyclone which removed much of the bundles of
ﬁbres which exist in the bulk sample, demonstrated that for equal
mass, there are 11 times more chrysotile ﬁbres than crocidolite
in the air (chrysotile: 3.48–1.5 = 1.96 mg/m3 ; 6953 total ﬁbers/cm3
and 1 mg/m3 > 3547 ﬁbres/cm3 ; crocidolite 6.34 mg/m3 ; 2013 total
ﬁbres/cm3 and 1 mg/m3 > 317 ﬁbres/cm3 ) [41].
The detailed observation of the ﬁbres in the organic tissues was
performed using a FEI Quanta Nova NanoSEM 450 and a FEI Quanta
FEG 450 SEM instruments. Micro-Raman spectra of selected ﬁbres
and ABs were also collected employing a DXR Raman spectrometer
(Thermo Scientiﬁc).

3. Results
3.1. Asbestos bodies
Remarkable variations in size and morphology of ABs formed on
chrysotile ﬁbres are detected [43]. Size lengths from 1.5 to 20 m
and diameter ranges from 0.6 to 15 m. Although the variety of
observed shapes is not great for chrysotile ﬁbres, very large structures as long as 50–60 m are also observed in correspondence to
the termination of the chrysotile bundles (Fig. 1a). Fig. 1b shows
a globular structure that tends to develop on a ﬁbre without a
well-deﬁned shape. Another curious example of AB formed on a
chrysotile ﬁbre is shown in Fig. 1c. The coating of the ﬁbre may
occur in successive steps (Fig. 1d).
All examined ABs have similar chemical composition with Mg,
Si, and low Fe content. In case of secondary deposition, the chemistry of the outer layers does not change (Fig. 2a,b and Table 1a)
with respect to the core. EDS spectra show low Fe contents in both
ﬁbres and asbestos bodies, in agreement with the low Fe content
of chrysotile ﬁbres [38,39]. Si decreases drastically from the core
of the chrysotile ﬁbre to the periphery of the AB. EDS qualitative
data of chrysotile ﬁbre after 65 weeks of contact/residence time
(ct) (Table 1b, relative to a representative coated ﬁbre) is comparable to EDS data collected from a raw chrysotile ﬁbre indicating
minor chemical variations of the coated ﬁbre. Other elements like
P and Ca are associated with the coating. -Raman spectra taken
on ABs of both chrysotile (Fig. 3a) and crocidolite (Fig. 3b) display
the typical pattern of apatite.
The length and diameter of the Abs in chrysotile show a minor
positive trend with ct (see Table 1c). Variation of the chemistry
and shape of the ABs with time is not found. Uncoated ﬁbres are
detected in all the examined samples with the percentage of coated
ﬁbres being 3.3%.
In UICC crocidolite, the size of ABs varies in length from 4 m to
25 m, and diameter from 4 m to 8 m. ABs are predominantly
formed on long asbestos ﬁbres. Eventually, segmentation affects
both ABs and the ﬁbres (Fig. 4a). The bodies on crocidolite ﬁbres
occur in a variety of forms, tend to vary from cylindrical to elliptical
(Fig. 4b), and may produce globular clusters at one or both ends of

Fig. 5. Black circles = spots of EDS semi-quantitative analyses along the longitudinal
section of an AB from crocidolite after 41 (a) and 80 weeks (b) of ct in the tissues.

the ﬁbres (inset panel in Fig. 4b); granular structures were also
observed (Fig. 4c).
The diameter of the ABs in crocidolite show a minor negative
trend with ct (see Table 2c) whereas the length of the ﬁbres is nearly
constant. Signiﬁcant chemical variations of the ABs of different cts
has not been recorded. Even for crocidolite, most of the observed
ﬁbres are uncoated. The percentage of coated ﬁbres is 5.7%.
Examples of EDS spot analyses for the crocidolite ﬁbres after
41 and 80 weeks of ct, representative of all the investigated ﬁbres,
are reported in Fig. 5a,b and Table 2a,b. Mg, Si, and Fe are associated with the crocidolite ﬁbres whereas Fe, P and Ca are associated
with the coating (made of apatite: see Fig. 3b). The Fe and Si content decreases from the core of the ﬁbres to the marginal regions.
Secondary elements like K, S, and Ti may be part of the ABs.
Regarding erionite, ABs have not been observed in any samples
at any ct.
3.2. Mineral ﬁbres
The mean length of chrysotile ﬁbres ranges from 14.3 to 15.8 m
(Table 3a) with diameters in the range 0.45–0.54 m. A trend of
decrease of both ﬁbre length and diameter with ct in the rat tissues
is observed. Surprisingly, the crystal habit does not seem to change
with ct. The average size of chrysotile ﬁbres that could produce ABs
is 29.6 m in length and 0.5 m in diameter. As shown above, the
ratio of coated to uncoated ﬁbres is 3.4%. Such ratio does not change
with time (Fig. 6).
The EDS spot semi-quantitative analyses of ﬁbres with different
ct show an increase of the Si:Mg ratio with respect to the standard chrysotile UICC (UICC: 1.49; 71 weeks: 1.50; 80 weeks: 2.09;
128 weeks: 3.90). In vivo leaching process increases the Si:Mg ratio
with respect to standard ﬁbres [44]. Although Mg leaching should
be accompanied by loss of crystallinity of the ﬁbres, the Raman
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Table 1
EDS spot semi-quantitative analyses of: (a) an AB on a chrysotile ﬁbre after 80 weeks of ct in the peritoneum (Fig. 2a); (b) an AB on a chrysotile ﬁbre after 65 weeks of ct in
the peritoneum (Fig. 2b);(c) Evolution of the length and diameter of ABs on chrysotile with ct inside the histological tissue.
(a)
EDS spot nr.

Element weight fraction (%)
Mg

Si

P

Ca

1
2
3
4

7.41
1.04
0.66
1.00

4.98
0.98
1.78
1.32

9.09
10.44
11.38
10.47

20.62
30.58
29.91
22.99

0.76
0.08
–
–

(b)
EDS spot nr.

Element weight fraction (%)

1
2
3
4
5
6
7
(c)
Value

Mg

Si

P

Ca

Fe

3.63
0.53
0.31
0.30
0.27
0.45
0.25

2.32
0.53
0.38
0.53
0.54
0.40
0.53

9.20
10.84
8.72
10.00
9.00
6.85
5.39

18.53
22.31
22.94
23.24
19.99
16.96
15.17

0.36
0.49
0.36
0.21
0.27
0.46
0.78

Weeks of contact time
71

Mean
Standard error
Standard deviation
Median
Number of counted ABs

Fe

80

128

Length (m)

Diameter (m)

Length (m)

Diameter (m)

Length (m)

Diameter (m)

4.770
0.199
1.692
4.380
106

2.116
0.084
0.717
2.008

4.637
0.183
1.550
4.024
202

1.979
0.069
0.586
1.786

5.405
0.175
1.484
5.010
103

2.317
0.101
0.856
2.182

Table 2
EDS spot semi-quantitative analyses of: (a) an AB coating a crocidolite ﬁbre after 41 weeks of ct in the peritoneum (Fig. 5a); (b) an AB coating a crocidolite ﬁbre after 80
weeks of ct in the peritoneum (Fig. 5b); (c) evolution of the length and diameter of ABs on crocidolite with ct inside the histological tissue.
(a)
EDS spot nr.

Element weight fraction (%)
Mg

Si

P

Ca

Fe

1
2
3
4
5

0.43
0.80
0.48
0.29
0.30

3.86
1.96
1.08
1.00
0.99

7.55
10.28
8.32
8.16
5.47

19.37
20.14
19.39
19.10
10.68

9.26
4.19
2.69
2.36
1.99

(b)
EDS spot nr.

Element weight fraction (%)
Mg

Si

P

Ca

Fe

0.27
0.07
0.23
0.34
0.26

3.76
1.46
1.62
1.57
1.19
1.51

3.46
8.09
8.13
8.03
5.26
4.14

8.83
18.93
18.78
21.00
14.67
9.89

4.11
3.73
3.8
3.68
3.85
10.58

1
2
3
4
5
6
(c)
Value

Weeks of contact time
38
Length (m)

Mean
Standard error
Standard deviation
Median
Number of counted ABs

9.254
0.434
3.434
8.746
108

73
Diameter (m)
4.498
0.218
1.850
4.058

spectra (Fig. 3c,d) conﬁrm that crystallinity of most of the ﬁbres is
preserved.

109

Length (m)
9.473
0.405
3.434
9.135
114

Diameter (m)
4.487
0.165
1.397
4.156

Length (m)
8.994
0.446
3.624
7.656
136

Diameter (m)
3.449
0.160
1.297
3.110

The mean length of crocidolite ﬁbres ranges from 13.7 to
18.6 m (Table 3b) with diameters in the range 0.54–0.71 m. Concerning the crystal habit, no great variations are observed with
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Table 3
(a) Evolution of the length and diameter of the ﬁbres with ct inside the histological tissues: (a) chrysotile; (b) crocidolite; (c) erionite.
(a)
Value

Weeks of contact time
71

80

Length (m)
Mean
Standard error
Standard deviation
Median
Number of counted ABs

Diameter (m)

15.76
0.38
8.46
14.26
494

128

Length (m)

0.54
0.01
0.19
0.51

Diameter (m)

15.23
0.31
5.96
15.04
368

Length (m)

0.51
0.01
0.18
0.48

14.30
0.35
5.84
13.25
274

Diameter (m)
0.45
0.01
0.15
0.43

(b)
Value

Weeks of contact time
38
Length (m)

73
Diameter (m)

Mean
Standard error
Standard deviation
Median
Number of counted ABs

18.59
0.44
13.88
17.38
1003

0.71
0.01
0.29
0.67

(c)
Value

Weeks of contact time
47
Length (m)

Mean
Standard error
Standard deviation
Median
Number of counted ABs

3.61
0.12
2.06
3.24
270

Length (m)

80
Diameter (m)

15.28
0.34
10.90
14.29
996

0.64
0.01
0.25
0.60

15.56
0.48
17.22
14.67
1249

53
Diameter (m)
0.77
0.03
0.45
0.70

Length (m)

Length (m)

109
Diameter (m)
0.65
0.02
0.78
0.60

95
Diameter (m)

2.98
0.06
1.66
2.63
664

0.81
0.02
0.56
0.70

Length (m)
2.53
0.10
1.29
2.28
170

Length (m)
13.68
0.32
9.26
11.01
819

Diameter (m)
0.54
0.01
0.39
0.49

126
Diameter (m)
0.75
0.04
0.49
0.66

Length (m)
3.67
0.07
1.79
3.42
662

Diameter (m)
0.98
0.03
0.69
0.85

Fig. 6. Ratio of coated to uncoated ﬁbres for both chrysotile and crocidolite.
Fig. 7. Representative cluster of erionite ﬁbres in the tissues after 95 weeks.

ct. The average size of crocidolite ﬁbres that could produce ABs
is 41.0 m in length and 0.86 m in diameter. As shown above,
the ratio of coated to uncoated ﬁbres is 6.0 and does not change
with time (Fig. 6). The chemistry of the crocidolite ﬁbres undergoes minor variations with ct in the rat tissues. The Raman spectra
(Fig. 3e,f) conﬁrm that crystallinity is kept even at greater cts.
Regarding the erionite ﬁbres, they display a typical ﬁbrous habit
with stocky short ﬁbres (Fig. 7). The calculated mean ﬁbre length
ranges from 2.7 to 3.7 m (Table 3c) and the diameters are within
the range 0.75–0.98 m. Both ﬁbre length and diameter apparently
do not change with ct in the rat tissues. Similarly to crocidolite, the
EDS spot semi-quantitative analyses show that the chemistry of the
erionite ﬁbres undergoes minor variations with ct in the rat tissues.
The Raman spectra (Fig. 3g,h) of the ﬁbres in contact for a short and
a long time also conﬁrm that crystallinity is preserved.

4. Discussion
Although prudence must be taken in extrapolating results based
on instillation in experimental animals to human inhalation [31],
the results of this study may be of help to better understand the
mechanism of formation of ABs in chrysotile, crocidolite, and erionite. The authors are aware of major points of concerns that may
bias the results of this study: (i) similarly to inhalation induced
studies [45], the ﬁbre burdens due to injection process in the
intrapleural/intraperitoneal space of the rats may be excessive or
unreliable if compared to both nasal inhalation in the rats and
human inhalation as no ﬁbre sorting through the upper respiratory
tracts occurs; (ii) unequal dosing based on number of ﬁbres per
mass for chrysotile with respect to crocidolite and erionite during
injection would likely not represent what humans would be actu-
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Fig. 8. Plot of the original structural Fe content of the three ﬁbre species as determined from the chemical analysis (both ferrous and total Fe) vs. calculated ellissoidal
volume of the ABs at the end of the experiments.

ally exposed to; (iii) there may be a ﬁbre aggregation effect during
instillation to form sort of ﬁbre bundles that would be very unlikely
to reach the intrapleural/intraperitoneal space if normal inhalation
takes place.
We have not seem noteworthy differences in the ABs formed
in the pleural and peritoneal cavity so the discussion will concern
both sites. ABs appear in chrysotile and crocidolite in less than 40
weeks but do not form on erionite ﬁbres. Such short times of formation are in line with literature data [16]. It is generally accepted
that the kinetics of formation and time evolution of ABs in rats and
humans are comparable although it is out of the aims of this work
to understand why humans, hamsters, guinea pigs form ABs efﬁciently with respect to other animals like cats, rabbits, mice and
rats which are poor AB formers [46].
ABs observed around chrysotile and crocidolite ﬁbres are generally smaller (<20 m and <25 m for chrysotile and crocidolite,
respectively) than those reported in the literature (20–50 m in
length) [6,8]. On the other hand, diameters are comparable [6]. The
ratio of coated to uncoated ﬁbres is 3.4% and 6.0% for chrysotile and
crocidolite, respectively. ABs nucleate at the surface of ﬁbres longer
than 10 m such as chrysotile (mean length of 15.05 m) and crocidolite (mean length of 16.15 m). If ﬁbre length seems to play a
key role, apparently diameter does not.
ABs are not found in the tissues inoculated with erionite ﬁbres
(mean length of 3.2 m). This result is apparently in contrast with
the literature data. In fact, it is known that erionite ﬁbres can
form bodies morphologically identical to typical ABs [47]. ABs were
observed in BALF of villagers of Tuzköy (Turkey) exposed to erionite. The erionite ﬁbres from Tuzköy are much longer (65.7% of the
ﬁbres had a diameter greater than 4 m) than the erionite ﬁbres
from this study. Hence, ABs do not form on our erionite ﬁbres
because the size of the ﬁbres is much shorter than 10 m and
phagocytosis actually occurs.
There is no correlation between iron content of ﬁbres and the
number of coated ﬁbres. On the other hand, the original structural
content of Fe of the chrysotile, crocidolite and erionite ﬁbres (both
ferrous and total Fe) seems to affect the size of the ABs in terms of
calculated ellissoidal volume (see the correlation in Fig. 8, despite
the poor statistical signiﬁcance due to the limited number of observations). The slight overestimation of the volume of the chrysotile
ABs is due to the fact that ABs of other chemical nature (mainly Ca
phosphate) are also included in the total calculated volume. Hence,
Fe of the ﬁbres may act as active pool and co-factor for the growth

of FeOOH or FeOOPO3 H3 forming the coating but not as key factor
for the nucleation of the AB.
It is known that the surface charge of the ﬁbres in terms of 
potential may also play an important role in the formation of ABs
as a negatively charged reactive surface favours the binding of collagen and redox activated Fe-rich proteins [48]. In a previous paper
[38], we have measured the  potential of these three ﬁbres and
found positive values for chrysotile and negative values for crocidolite and erionite. All ﬁbres display negative values in contact
with a Gamble solution mimicking the acidic macrophage chemical environment. If we compare those results with the formation
mode and number of formed ABs, no relationship is found with the
surface charge of the ﬁbres.
ABs only nucleate on long ﬁbres that cannot be engulfed and
subject to complete phagocytosis. The ﬁrst defence mechanism
of the organism is the engulfment acted by phagocytes (namely
macrophages) which successfully engulf the ﬁbres shorter than
their mean diameter and promote their dissolution by intracellular
phagocytosis (see for example Liu et al [48]). Phagocytosis occurs
inside lysosomes vacuoles which develop an acidic chemical environment (pH = 4–4.5) in the attempt to dissolve the ﬁbres. Although
physical engulfment is successful, this mechanism in principle permits to effectively dissolve only chrysotile ﬁbres (not stable in
acidic environment) but not crocidolite and erionite (both resistant to acids) [49,50]. This is the reason why even though complete
engulfment of short ﬁbres occurs and phagocytosis is apparently
successful, such ﬁbres cannot be dissolved.
When the ﬁbres are longer than the mean diameter of the
phagocytes (generally assumed >10 m), frustrated phagocytosis accompanied by inﬂammatory burst occurs with release of
highly reactive cyto- and geno-toxic toxic substances extracellularly. At this point, coating and AB formation occurs, as secondary
defence mechanism, aimed at isolating the toxic reactive ﬁbre. The
diminished oxidants’ generation and reduced toxicity of coated
ﬁbres with respect to uncoated ﬁbres has been reported by many
authors [8,16] so that AB was called the tombstone of the asbestos
ﬁbre [51,52]. Unfortunately even the second defence mechanism
appears to be poorly effective as we observed that only few ﬁbres
are efﬁciently coated.
Although quantiﬁcation of the coated ﬁbres vs. uncoated ﬁbres
may be biased by excessive ﬁbre burden due to instillation, the limited number of observed coated ﬁbres should be due to the lack of
nutrients to form the asbestos coating, speciﬁcally Fe, P and Ca.
Because of the chemical stability of the ﬁbres (especially crocidolite and erionite) in contact with the tissues, release of active
nutrients such as Fe is poor and cannot promote massive nucleation and growth of ABs. Hence, the source of Fe (but also P and
other elements) to form the hemosiderin and porphyrins rich core
of ABs must be organic, likely provided by cytoplasmic ferritin from
phagocytes or from ferritin circulating in plasma. This model has
been already predicted by Ghio et al. [8] who excluded that iron
is from the ﬁbre but from several possible intracellular sources
of Fe3+ (such as iron associated with adenosine-tryphosphate ATP,
DNA and others) that accumulates onto the ﬁbre surface. Of course,
nutrients are physiologically limited in the organism and are likely
not sufﬁcient to provide coating of all asbestos ﬁbres.
As anticipated, ABs are not observed on erionite ﬁbres because
these ﬁbres are very short and complete phagocytosis actually does
occur. As explained above, the second mechanism of defence is not
necessarily invoked.
In all cases, mesothelioma invariably develops because both
primary defensive mechanism (phagocytosis) and secondary
defensive mechanism (ﬁbre coating and isolation) for different reasons are poorly effective.
We have seen that a signiﬁcant number of observed ABs are
actually composed of Ca and P (apatite: see Fig. 3a and b). Such
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elements must also be provided by the phagocytes and released
both intracellularly and extracellularly. We cannot exclude that
Ca and P form the primary nuclei of the AB. Governa and
Rosanda [53] suggested that the ﬁbres are initially coated with
acid mucopolysaccharide and that Ca-apatite may subsequently be
deposited. Brody and Hill [54] also observed interstitial precipitates
(microcalciﬁcations) from asbestos exposed wild-type rats after 1
month from the 1 h exposure. It is not possible to rule out the presence of other crystalline forms such as Ca-oxalate (CaC2 O4 ) which
may also form ABs according to Le Bouffant et al. [55]. Koerten et al
[16]. found chlorine associated to Ca and P. We also found the same
result but the presence of chlorine in our samples is probably due
to the digestion process of the organic material which was obtained
using NaCl.
5. Conclusions
The results of this work are an attempt to shed some light on
the mechanism of formation of ABs in chrysotile, crocidolite, and
erionite. It is important to remark that caution must be taken in
extrapolating our results, based on instillation in animals, to human
inhalation [31], as sources of bias may stem from improbable burdens of unsorted ﬁbres in the intrapleural/intraperitoneal and ﬁbre
aggregation during the instillation procedure.
ABs are observed in chrysotile and crocidolite inoculated tissues
of wild-type rats in less than 40 weeks but do not coat erionite ﬁbres
because their size is very short and phagocytosis is apparently successful. ABs observed around chrysotile and crocidolite ﬁbres are
generally smaller than those reported in the literature while diameters are comparable. The ratio of coated to uncoated ﬁbres is 3.4%
and 6.0% for chrysotile and crocidolite, respectively, in agreement
with the literature data.
ABs do not form on very short ﬁbres but nucleate at the surface of
ﬁbres longer than 10 m. The content of Fe of the ﬁbres apparently
does not govern the amount of coated ﬁbres whereas it seems to
effect the size of the ABs in terms of calculated ellissoidal volume.
The model we have drawn predicts that ABs nucleate only on
long ﬁbres that cannot be engulfed. The ﬁrst defence mechanism
of the organism is the engulfment acted by phagocytes of ﬁbres
shorter than their mean diameter and dissolution by intracellular phagocytosis. Although physical engulfment is successful, this
mechanism actually permits to effectively dissolve only chrysotile
ﬁbres but not crocidolite and erionite. So, even though complete
engulfment of short ﬁbres occurs, such ﬁbres cannot be dissolved,
eventually promoting inﬂammatory activity and release of highly
reactive cyto- and geno-toxic toxic substances. When the ﬁbres
are longer than the mean diameter of the phagocytes, release of
highly reactive toxic substances occurs extracellularly. In this event,
the second defence mechanism of the organism, coating process
with AB formation, is invoked. Regrettably even the second defence
mechanism appears to be of reduced potential as only few ﬁbres are
efﬁciently coated. We believe that the small number of coated ﬁbres
is due to the limited source of nutrients provided by cytoplasmic
ferritin from phagocytes or from ferritin circulating in plasma.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jhazmat.2015.11.
050.
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