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ABSTRACT

Silver, such as silver nanoparticles (AgNPs), has been widely used in commercial products and may be
released into the environment. The interaction between Ag deposition and biological systems is raising
serious concerns because of one health consideration. Cetaceans, as the top predators of the oceans, may
be exposed to Ag/Ag compounds and suffer negative health impacts from the deposition of these
compounds in their bodies. In the present study, we utilized autometallography (AMG) to localize the Ag
in the liver and kidney tissues of cetaceans and developed a model called the cetacean histological Ag
assay (CHAA) to estimate the Ag concentrations in the liver and kidney tissues of cetaceans. Our results
revealed that Ag was mainly located in hepatocytes, Kupffer cells and the epithelial cells of some
proximal renal tubules. The tissue pattern of Ag/Ag compounds deposition in cetaceans was different
from those in previous studies conducted on laboratory rats. This difference may suggest that cetaceans
have a different metabolic profile of Ag, so a presumptive metabolic pathway of Ag in cetaceans is
advanced. Furthermore, our results suggest that the Ag contamination in cetaceans living in the North-
western Pacific Ocean is more severe than that in cetaceans living in other marine regions of the world.
The level of Ag deposition in cetaceans living in the former area may have caused negative impacts on
their health condition. Further investigations are warranted to study the systemic Ag distribution, the
cause of death/stranding, and the infectious diseases in stranded cetaceans with different Ag concen-
trations for comprehensively evaluating the negative health effects caused by Ag in cetaceans.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

thermal conductivities, so they are increasingly applied in elec-
tronic devices and medical imaging (Ajmal et al., 2016; Ge et al,,

Commercial products containing silver (Ag) have been used for
over 100 years, and awareness of Ag contamination in the envi-
ronment has markedly increased due to the extensive use of silver
nanoparticles (AgNPs) (Nowack et al., 2011). AgNPs have been used
in numerous commercial products, such as water filters, textiles,
cosmetics, food packaging and medical items, mainly due to their
strong antimicrobial properties (Yu et al., 2013). AgNPs also have
unique physicochemical properties, such as high electrical and
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2014). The production of AgNPs and the number of AgNP-
containing products has dramatically increased in the last decade
and is expected to increase over time (Hansen et al., 2016; Vance
et al,, 2015). AgNPs can be released during the production, trans-
port, erosion, washing, and/or disposal of AgNP-containing prod-
ucts, subsequently draining into the aquatic environment and
ultimately accumulating in the ocean (Farre et al., 2009; Walters
et al,, 2014). The fate of AgNPs in the aquatic environment is
complicated and variable. Previous studies indicated that AgNPs in
the aquatic environment can remain as individual particles in
suspension, aggregate, dissolve, react with different species in the
environment, or be regenerated from silver ions (Levard et al.,
2012; Massarsky et al., 2014). Furthermore, different types of Ag
speciation, such as AgCl, Ag,S, and Agp, can be found in marine
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sediments contaminated with AgNPs, where they are ingested by
benthic organisms and subsequently enter the food chain in marine
environments (Wang et al., 2014). The increasing use and growing
production of AgNPs, as potential sources of Ag contamination,
raise public concern about the environmental toxicity of Ag.

Ag can be transferred from one trophic level to the next via the
food chain and may cause negative effects on the animals at higher
trophic levels, such as cetaceans (Buffet et al., 2014; Farre et al.,
2009; Wang et al,, 2014), and cetaceans have been thought to
suffer potentially detrimental impacts from excessive silver expo-
sure (Chen et al., 2017). The Ag concentrations in cetaceans have
been investigated by several studies in different countries, and their
results have varied among different organs, age classes, animal
species, and habitats (Dehn et al., 2006; Reed et al., 2015; Romero
et al., 2017; Seixas et al., 2009). The levels of unhealthy and criti-
cally dangerous concentrations of Ag in small cetaceans of the
North Pacific Ocean have been established, and the suggested
threshold concentrations of Ag are 0.43 + 0.28 and 0.08 + 0.03 ug/g
dry weight for liver and kidney tissues, respectively (Chen et al.,
2017). A recent study conducted in Taiwan found an extremely
high Ag concentration (726.11 ug/g dry weight) in the liver tissue of
a stranded Fraser's dolphin (Lagenodelphis hosei), which implies
that dolphins in the marine environment of the North-western
Pacific Ocean may have severe Ag contamination (Chen et al.,
2017). Cetaceans are longevous, and being at the highest trophic
levels of marine ecosystem, and they share common food resources
with humans. The bioaccumulation effect of anthropogenic con-
taminants in cetaceans may eventually occur in humans (Bossart,
2011). These reasons further support that cetaceans are ideal
sentinel animals for evaluating the health of marine environments
and humans. Hence, it is crucial to determine the contamination
status (e.g., tissue concentrations and distribution) of Ag in
cetaceans.

Generally, the concentrations of trace metals in cetacean tissues
are determined by inductively coupled plasma mass spectroscopy
(ICP-MS) (Caceres-Saez et al., 2013; Chen et al., 2017; Mendez-
Fernandez et al., 2014; Romero et al., 2017). The advantages of us-
ing ICP-MS include the provision of quantitative data with favour-
able detection limits (0.01—0.1 pug/L), simple specimen preparation,
and the capability of simultaneous measurement of several ele-
ments (Nuttall et al., 1995). However, ICP-MS still has some disad-
vantages. The capital cost for establishing the ICP-MS and sample
storage (including instruments, electricity charges and consum-
ables) are relatively high (Bornhorst et al., 2005; Nuttall et al.,
1995). In addition, ICP-MS detects target contaminants only on
the organ level, and not the histological location or cell level (Miller
et al., 2016). The standard procedure of tissue samples collection
from stranded cetacean for ICP-MS analysis usually requires a
relatively large sized frozen tissue sample (6 x 6 x 6 cm, approxi-
mately 200 g) due to the possibility of contamination during sam-
ple collection in the field environment (Geraci and Lounsbury,
2005), and these frozen samples may not be easy to store in
limited refrigeration space. Furthermore, complete sample collec-
tion from the stranded cetaceans were seriously limited by several
factors including difficulties of logistics and shortage of manpower.
Therefore, the samples can be collected are usually the formalin
fixed samples. If a relatively rapid, easy to use and inexpensive
methodology by using the formalin fixed samples is developed, it
will facilitate investigation of the suborgan distribution and con-
centration of target contaminants in cetaceans.

Formalin-fixed, paraffin-embedded (FFPE) tissues can be a
sample resource for molecular analysis (such as polymerase chain
reaction) and metal measurements (Bischoff et al., 2008; Bonta
et al, 2017; Kokkat et al.,, 2013; Tran et al., 2014). Bonta et al.
(2017) found that the FFPE process caused severe alteration in the

suborgan distributions and concentrations of alkali and alkaline
earth metals but led to lesser effects on those of transition metals.
In addition, previous studies have indicated that heavy metals can
be amplified in FFPE tissue sections by autometallography (AMG),
which is a histochemical process, and thereby can be visualized
under light microscopy (Anderson et al., 2015; Danscher, 1991; Kim
et al., 2009; Miller et al., 2016). Although the AMG method may
have a relatively low sensitivity (comparing to ICP-MS), difficulty to
unveil a homogenously diffused material, underestimation of the
content in case of a great concentration of heavy metals in a nar-
rowed surface, it is still a valuable method to study the suborgan
distribution of heavy metals. Furthermore, AMG method may
amplified a group of trace metals, including gold, silver, mercury,
bismuth and zinc, and thus the results of AMG method may be
interfered by other trace metals (Stoltenberg and Danscher, 2000).
Therefore, the interpretation of AMG positivity signals in the tissue
from wild animals (which are not an intentional and well-
controlled exposure to a single product) should be incorporated
with other specific methods to monitor the actual composition of
heavy metals, such as ICP-MS (Stoltenberg and Danscher, 2000).
The quantitative analysis of histological tissue sections with his-
tochemical staining has been developed by the use of digital image
analysis software, such as image] (Deroulers et al., 2013; Jensen,
2013; Parlee et al., 2014; Shu et al., 2016). The present study uti-
lized the histochemical technique (autometallography; AMG) to
localize Ag in cetacean tissues, investigated the histopathological
lesions possibly caused by the Ag, and developed an assay to esti-
mate the Ag concentration in the liver and kidney tissues of ceta-
ceans by a regression model based on the data from image
quantitative analysis and ICP-MS.

2. Materials and methods
2.1. Sample source

The research permit (104-07.1-SB-62) for the cetacean sample
collection was provided by Council of Agriculture of Taiwan. From
1999 to 2016, liver and kidney tissues from 110 stranded cetaceans
of 7 different species, including 22 Feresa attenuata (Fa), 5 Grampus
griseus (Gg), 38 Kogia spp. (Ko), 13 Lagenodelphis hosei (Lh), 13
Stenella attenuata (Sa), 8 Steno bredanensis (Sb), and 11 Tursiops
truncatus (Tt), were collected. A field number was given to each
cetacean for individual identification. The liver and kidney tissues
used in the present study were from freshly dead and moderately
autolysed stranded cetaceans (Geraci and Lounsbury, 2005). Some
liver and kidney tissues were collected from live stranded cetaceans
after they died during rescue or rehabilitation efforts. Each indi-
vidual was classified into 1 of 2 age classes (young or adult) by
relative measures of age, such as body length, tooth wear, the
presence of hair follicles on rostrum and lingual marginal papillae,
skin colour, the status of reproductive organs, and/or fusion of
cranial sutures (Hohn, 2009), since age determination by the
growth layers of teeth was not done in all individuals. The biolog-
ical characteristics of each cetacean species are summarized in
Table 1.

In total, 220 formalin fixed tissue samples (110 from liver and
110 from kidney) were collected for subsequent histological anal-
ysis. Among these 110 stranded cetaceans, only 12 frozen tissue
samples (6 from liver and 6 from kidney) were collected, put into
zip-lock plastic bags, and stored at —20 °C for determination of Ag
concentrations by ICP-MS.

2.2. AMG reactivity of formalin-fixed tissues

The representative formalin-fixed tissues of liver and kidney
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Table 1
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Biological characteristics and estimated Ag concentrations (mean + SD, pg/g) in the liver and kidney tissues of Feresa attenuata, Grampus griseus, Kogia spp., Lagenodelphis hosei,
Stenella attenuata, and Steno bredanensis, Tursiops truncatus from Taiwan. N: sample size; U: unknown sex.

All species Feresa attenuata Grampus griseus Kogia spp.
N Liver Kidney N Liver Kidney N  Liver Kidney N Liver Kidney
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
All 110 1049 648 050 045 22 1295 6.64 091 043 5 1267 7.09 043 036 38 932 6.08 0.38 0.36
Adult 84 12.82 532 063 043 19 1474 517 1.04 028 4 1514 513 054 032 28 1161 536 049 0.35
Young 26 297 342 0.08 0.10 3 1.68 1.51 0.07 006 1 279 - 0.02 - 10 292 196 0.08 0.14
Female 36 9.55 569 0.58 051 8 1243 6.05 0.96 043 1 1203 — 0.35 - 12 853 6.04 050 0.52
Male 59 10.88 7.05 041 038 7 1194 882 0.76 055 3 11.64 958 027 022 25 974 630 0.32 0.25
U 15 1124 6.03 0.70 048 7 1456 542 0.99 029 1 1637 -— 1.01 - 1 8.43 0.54
Lagenodelphis hosei Stenella attenuata Steno bredanensis Tursiops truncatus
N Liver Kidney N Liver Kidney N  Liver Kidney N Liver Kidney
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
All 1 6.96 6.87 044 046 13 1265 6.28 0.63 044 8 11.89 6.13 0.14 0.13 11 927 560 033 0.42
Adult 6 1343 432 085 035 10 1362 6.15 0.77 040 7 1342 467 0.16 0.12 10 1011 511 036 0.43
Young 7 1.41 099 0.08 007 3 943 6.76 0.18 006 1 115 — 0.01 — 1 0.83 — 0.01 —
Male 4 8.69 5,51 0.56 042 3 5.85 3.59 0.67 046 4 957 6.45 0.09 008 4 9.86 585 0.53 0.69
Female 8 6.75 7.88 042 052 8 1551 5.83 0.58 042 4 1421 564 0.19 0.15 4 1129 628 028 0.07
§) 1 1.66 - 0.09 - 2 1143 1.08 0.78 076 0 — - — — 3 5.77 436 012 0.10

from each individual were selected (random or the regions with
significant lesions), trimmed, dehydrated through a series of
graded ethanol, and then infiltrated with paraffin. The FFPE tis-
sues were sectioned at 5 pm, deparaffinised with xylene, treated
with 0.5% Triton X-100 in phosphate-buffered saline (PBS), and
washed several times with PBS and double-distilled water. The
tissue sections were stained by silver enhancement method (Kim
et al., 2009; Miller et al., 2016) and counterstained with hema-
toxylin for 10 s. The tissue sections were air dried, mounted with
Canada balsam, and examined under a light microscope (Nikon
ECLIPSE Ni-U, Nikon Corporation, Japan). The AMG positive signals
were golden yellow to black dots or amorphous golden yellow
substances. Images were captured using a Nikon ECLIPSE Ni-U
microscope connected to a digital camera (Nikon DS-Fi2, Nikon
Corporation) and computer imaging software (NIS-Elements D,
Nikon Corporation). Ten histological images were randomly
captured with a 40X objective lens from each tissue section and
used in semi-quantitative analysis.

2.3. Semi-quantitative analysis for AMG positivity of histological
images

Semi-quantitative analysis on these histological images was
performed using Image] (National Institutes of Health, Bethesda,
MD). Briefly, the histological images were split into three colour
channels (red, blue, and green), and the blue channel was used for
quantifying the AMG positive signals. The cut-off values of the
threshold levels for each histological image were manually
adjusted (from 90 to 110) due to the presence of false positive areas
in nuclei and/or red blood cells, and the positive percent area of
each histological image was displayed in the “Result” window. The
positive percent areas of 10 histological images from each tissue
section were averaged and defined as the AMG positivity value for
each tissue section. However, the distribution pattern of the AMG
positive signals (such as high concentration of AMG positive signals
in a single region rather than a homogenous ground of AMG pos-
itive signals in the whole section) may affect the results of semi-
quantitative analysis, the reliability of the semi-quantitative anal-
ysis should be seriously evaluated with the pattern of the AMG
positive signals.

2.4. The correlation between the results of ICP-MS and AMG
positivity values

The Ag concentrations of the liver and kidney tissues were
determined using ICP-MS according to previously published
methods (Chen et al., 2002, 2017). In total, 6 liver and 6 kidney
tissues from 6 cetaceans, including 2 Ko, 1 Gg, 2 Lh, and 1 Sa, were
investigated. Data from the liver and kidney tissues were analysed
separately. The strength of association between the results of ICP-
MS and AMG positivity values from the same liver and kidney tis-
sues were analysed by Pearson correlation analysis.

2.5. Establishment of the Cetacean Histological Ag Assay (CHAA)

The Ag concentrations of the liver and kidney tissues with un-
known Ag concentrations were estimated by regression models
based on AMG positivity values from cetacean tissues with known
Ag concentration, hereafter referred to as the Cetacean Histological
Ag Assay (CHAA) for livers and kidneys. The flowchart of the
strategy to estimate the concentration of Ag by AMG through CHAA
was illustrated (Fig. 1). The regression models were compared using
the extra sum-of-squares F test and Akaike's information criterion
(AIC) (Liang et al., 2017; Spiess and Neumeyer, 2010). Most
importantly, the selected model had to generate scientifically valid
results. For instance, if one of the regression models estimated
unrealistic Ag concentrations, the regression model was aban-
doned. The effect size for the selected regression model was re-
ported by adjusted R%.

The accuracy of the CHAA for livers and kidneys was evaluated
by the mean standard deviation (SD) calculated from differences
between known and estimated Ag concentrations (Polanowski
et al., 2014). The precision of the semi-quantitative analysis by
Image] in the liver and kidney tissues of cetaceans was evaluated by
repeated measurement of AMG positivity values of serial sections
from the same FFPE tissues. Three liver and 3 kidney tissues with
known Ag concentrations of 0.06, 14.93, 21.82, 0.05, 1.04 and
0.42 ng/g were analysed 3 times each. The mean SDs for 9 mea-
surements from liver and kidney tissues were calculated from dif-
ferences between known and estimated Ag concentrations and
used to evaluate the precision of the semi-quantitative analysis for
AMG positivity (Polanowski et al., 2014).
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Fig. 1. Flowchart of the strategy to estimate the concentration of Ag by autometallography (AMG) through cetacean histological Ag assay (CHAA).

2.6. Estimation of Ag concentrations in FFPE tissue sections

The Ag concentrations of the liver and kidney tissues of ceta-
ceans not investigated by ICP-MS were estimated by CHAA. The
estimated Ag concentrations of liver and kidney tissues were first
checked by D'Agostino-Pearson normality test, and the data were
not normally distributed. Therefore, the Kruskal-Wallis Test (post
hoc test: Dunn's multiple comparison test) and Mann-Whitney U
test were used for further analysis. Three parameters—age class,
sexuality, and species—were analysed. All data were plotted on
box-plot graphics. The bar in the middle of the box represented the
second quartile (median), and the bottom and top of the box
described the first and third quartiles. The whiskers showed the
75th percentile plus 1.5 times IQR and 25th percentile minus 1.5
times IQR of all data, and any values greater than these were
defined as outliers and plotted as individual points. Different letters
above the boxplots indicated statistically significant differences
(p <.05) between groups. The baseline and unhealthy Ag concen-
trations in the liver tissue were defined as 0.43 pg/g and 4.45 pg/g,
respectively; the baseline and unhealthy Ag concentrations in the
kidney tissues were defined as 0.08 ug/g and 0.33 ug/g, respectively
(Chen et al., 2017).

2.7. Histopathological findings in liver and kidney tissues with
different estimated silver concentrations

The FFPE samples were sectioned at 5um and stained with
hematoxylin and eosin (H&E) for histopathological examination.
The slides were comprehensively examined in a blinded fashion by
a single veterinary pathologist (Wen-Ta Li), and the lesions in liver
and kidney were recorded and categorized. The direct correlation
between the lesions and Ag was evaluated by the intralesional
aggregates of AMG positive signals. The correlation between the
lesions (presented or unpresented) and estimated Ag concentra-
tions were analysed by Chi-square test or Fisher exact test. The liver
tissues with estimated Ag concentrations <0.43, 0.43—4.45, and
>4.45 nglg were respectively classified into baseline, intermediate,
and unhealthy groups; the kidney tissues with estimated Ag con-
centrations <0.08, 0.08—0.33, and >0.33 ug/g were respectively
classified into baseline, intermediate, and unhealthy groups.

3. Results
3.1. Patterns of AMG positive signals in the liver and kidney tissues

Different patterns of AMG positive signals were detected in the
liver and kidney tissues of cetaceans. Because the AMG positive
signals may be interfered by other heavy metals, the liver and
kidney tissues with Ag concentrations higher than baselines
measured by ICP-MS were used as the positive group to demon-
strate the Ag distribution. In the livers of positive group (5 in-
dividuals, Table 2), the AMG positive signals were diffusely/evenly
distributed in hepatic parenchyma and were variably sized brown
to black dots in hepatocytes and Kupffer cells (Fig. 2A and B). In the
kidneys of positive group (3 individuals, Table 2), the AMG positive
signals were variably-sized brown to black dots and unevenly
distributed in the epithelial cells of some proximal renal tubules in
the renal cortex (Fig. 2C and D). Golden-yellow to brown AMG
positive signals in the basement membranes of renal tubules and
glomeruli and amorphous golden-yellow to brown AMG positive
signals on the surface of epithelial cells of proximal renal tubules
were found in one individual (Lagenodelphis hosei; field code:
TP20110830) (Fig. 2E). In contrast, absent to minimal AMG positive
signals (the majority being brown to black dots) were noted in the
livers (Fig. 2F) and kidneys (Fig. 2G) of individuals with Ag con-
centrations lower than baselines (Table 2).

Table 2

The results of ICP-MS and AMG positivity values from six cetaceans. Gg = Grampus

griseus, Ko = Kogia spp., Lh = Lagenodelphis hosei, Sa = Stenella attenuata, M = Male,
= Female, AMG = AMG positivity values quantified by image], ICP-MS = Ag con-

centrations measured by ICP-MS (ug/g, dry weight).

Field number Species Sex Age class Liver Kidney

AMG ICP-MS AMG ICP-MS
TP20111116  Gg Adult 7.48 21.82 8.82 042
TC20110611 Ko Adult 450 277 152  0.05

TC20110722 Ko
TD20110608 Lh
TP20110830 Lh
1L20110101 Sa

Young 1.20 3.86 0.11  0.05
Young 0.34 0.06 021 0.05
Adult 6.21 14.93 943 1.04
Young 267 173 526 0.14

mMZELEEEL
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Fig. 2. Representative photographs of the Autometallography (AMG) positive signals in the liver and kidney tissues of cetacean. Silver enhancement method with hematoxylin as
counterstain. (A) The AMG positive signals in the liver with a higher Ag concentration (14.93 pg/g) are diffusely and evenly distributed in the hepatic parenchyma (Lagenodelphis
hosei (Lh); field code: TP20110830). (B) Higher magnification of Fig. 1A. The AMG positive signals are variably sized brown to black dots in hepatocytes and Kupffer cells. (C) The
AMG positive signals in the kidney with a higher Ag concentration (1.04 ug/g) are unevenly distributed in the renal cortex (Lh; field code: TP20110830). (D) Higher magnification of
Fig. 1C. The AMG positive signals are variably sized brown to black dots in the epithelial cells of proximal renal tubules. (E) Golden-yellow to brown AMG positive signals on the
basement membranes of renal tubules and glomeruli and amorphous golden-yellow to brown AMG positive signals on the surface of epithelial cells of proximal renal tubules are
occasionally found in the kidney tissue of one individual (Lh; field code: TP20110830). (F) Scattered AMG positive signals of brown to black dots are observed in the liver with a
lower Ag concentration (0.06 pg/g) (Lh; field code: TD20110608) (G) Scattered AMG positive signals of brown to black dots are observed in the liver with a lower Ag concentration
(0.05 ug/g) (Lh; field code: TD20110608). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.2. Establishment of the Cetacean Histological Ag Assay (CHAA)

The results of ICP-MS and AMG positivity values in the six
stranded cetaceans are summarized in Table 2. Significant positive
correlations between the results of ICP-MS and AMG positivity
values were found in the liver (Pearson's r=0.88; p =.0204) and
kidney (Pearson's r=0.83; p=.0393) tissues. The regression
models to establish the CHAA for livers and kidneys, including
linear regression, quadratic regression, cubic regression and linear
regression through origin, were statistically compared, and linear
regression through origin was the preferred regression model for
the CHAA (Table 3). The regression equations of the CHAA for livers
and kidneys were respectively Y = 2.249 x X (adjusted R? = 0.74)
and Y = 0.07288 x X (adjusted R®> = 0.69) (Fig. 3A and B). The mean
standard deviations from six FFPE tissue sections with known Ag
concentrations to evaluate the accuracy of the CHAA were 3.24 and
0.16 for livers and kidneys, respectively. In addition, the mean
standard deviations of three repeated measurements of the same
FFPE tissue sections with known Ag concentrations to evaluate the
consistency of CHAA were 2.8 and 0.35 for livers and kidneys,
respectively.

3.3. Estimation of Ag concentrations of the liver and kidney tissues
by CHAA

The estimated Ag concentrations presented as mean +SD of
each cetacean species are summarized in Table 1. The ranges of
estimated Ag concentrations were 0.06—28.39 and 0—1.6 ug/g in
the liver and kidney tissues, respectively. There was a significant
age-dependent increase of Ag concentration in the liver
(12.82+53 and 3.0+34pg/g) and kidney (0.63+0.43 and
0.08 +0.10 pg/g) tissues (Fig. 4A), and the Ag concentrations of liver
tissues (10.49 + 6.48 ug/g) were significantly higher than those of
kidney tissues (0.50 + 0.45 pg/g) (Fig. 4B). No significant difference
in Ag concentrations between sexes in the liver and kidney tissues
was observed (Fig. 4C), nor was a significant difference in Ag con-
centrations in the liver tissues found among these cetacean species.
In approximately 50% of the individuals, the estimated Ag con-
centrations of the liver tissues were higher than the unhealthy Ag
concentration (Fig. 4D). The Ag concentrations in the kidney tissues
of Fa (0.93 +0.45 pg/g) were significant higher than those of Ko
(0.38 +0.37 pg/g), Tt (0.32 + 0.45 pg/g) and Sb (0.12 + 0.13 pug/g). In
approximately 30% of the individuals, the estimated Ag
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Table 3

The comparisons among different regression models to establish the Cetacean Histology Ag Assay (CHAA) for liver and kidney tissues of cetaceans by the extra sum-of-squares

F test and Akaike's information criterion (AIC).

Extra sum-of-squares F test

CHAA for liver

CHAA for kidney

Null hypothesis Linear regression through origin

Linear regression through origin

Alternative hypothesis Linear Quadratic Cubic Linear Quadratic Cubic
P value 0.4644 0.1065 0.2621 0.8201 0.354 0.4559
Conclusion (a = 0.05) Not reject Not reject Not reject Not reject Not reject Not reject
Preferred model Linear regression through origin Linear regression through origin
F (DFn, DFd) 0.6529 (1,4) 5.174 (2,3) 2.969 (3,2) 0.05895 (1,4) 1.497 (2,3) 1.332(3,2)
AIC
CHAA for liver CHAA for kidney

Simpler model Linear regression through origin Linear regression through origin
Probability it is correct 98.95% >99.99% N.A. 99.30% >99.99% N.A.
Alternative model Linear Quadratic Cubic? Linear Quadratic Cubic?
Probability it is correct 1.05% <0.01% N.A. 0.70% <0.01% N.A.
Ratio of probabilities 94.29 N.A. 142.04 N.A.
Preferred model Linear regression through origin Linear regression through origin
Difference in corrected AIC -9.093 -31.04 N.A. -9.912 -35.85 N.A.
@ Cannot be calculated due to too few points.

A B

G & Pearson's r: 0.88 g Pearson's r: 0.83

> Adjusted R 0.74 = Adjusted R2: 0.69

= Regression equation: Y = 2.249 xX . o 1.0 Regression equation: Y =0.07288 xX
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Fig. 3. Linear regression through origin for estimated Ag concentrations in the (A) liver and (B) kidney of 6 cetaceans (2 Kogia spp., 1 Grampus griseus, 2 Lagenodelphis hosei and 1
Stenella attenuata) with known Ag concentrations from autometallography positivity values. 95% confidence bands of the best-fit line of the regression line are shown as a dotted

line.

concentrations of the kidney tissues were higher than the un-
healthy Ag concentration (Fig. 4E).

3.4. Histopathological findings in liver and kidney tissues with
different estimated silver concentrations

Avariety of lesions were observed in the liver and kidney tissues
of stranded cetaceans. The lesions found in liver tissues included
hyaline inclusion (n = 58), non-specific reactive hepatitis (n = 51),
severe congestion (n = 38), vacuolar degeneration (n = 37), multi-
focal necrosis (n = 2), extramedullary hematopoiesis (n = 2), peri-
portal fibrosis (n=2), and fibrotic nodule (n=1). On the other
hand, vacuolar degeneration of the proximal renal tubular epithe-
lium (n=10), hyaline droplets in the proximal renal tubular
epithelium (n=9), interstitial nephritis (n=3), glomerulone-
phropathy (n=2), interstitial fibrosis (n=2), pyelonephritis
(n=2), suppurative nephritis (n=1) were found in the kidney
tissues. However, no lesions with marked intralesional aggregates
of AMG positive signals were observed. The lesions with >3 fre-
quencies (n > 3) were used in the correlation analysis, but there was
no statistically significant correlation between these lesions and Ag
concentrations. The frequencies and percentages of lesions pre-
sented in the liver and kidney tissues with baseline, intermediate

and high Ag concentrations were summarized in Table 5.

4. Discussion

After intravenous injection of dextrin-silver colloid in laboratory
rats, Ag was largely distributed in the spleen, liver and bone
marrow, but the exact location of Ag deposition on the suborgan
and cell levels was still undetermined (Gammill et al., 1950). Af-
terward, the technique of AMG for visualizing the metal elements
with light and electron microscopy was described in 1981, and that
technique has been improved with specific procedures over the
years to detect different trace metals in various tissues of humans
and animals (Dimitriadis et al., 2003; Loumbourdis and Danscher,
2004; Miller et al., 2016; Stoltenberg et al., 2003; Zarnescu et al.,
2017; Zhu et al., 2012). The use of AMG to detect Ag in Wistar
rats with intraperitoneal injection of silver lactate demonstrated
the suborgan and cell level distributions of Ag, including 1) lyso-
somes of proximal renal tubular epithelium, mesangial cells, he-
patocytes, macrophages (such as Kupffer cells and glial cells) and
motor neurons; 2) basal lamina (a portion of basement membrane)
of glomeruli, renal tubules, epidermis, and mucosal epithelium of
tongue; 3) interstitium of renal papilla; 4) pheochromocytes of
adrenal glands (Danscher, 1981). The AMG positive signals in F334
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rats with oral administration of AgNPs (60 nm in diameter) were
golden-yellow to brown positive signals and mainly located in the
basement membranes of renal tubules, glomeruli, and transitional
epithelium of the urinary bladder (Kim et al., 2009). A previous
study also demonstrated that AMG positive signals (black dots)
were observed in alveolar macrophages, ependymal cells, the
choroid plexus, and the perivascular regions of the lung and renal
cortex in laboratory rats after intranasal exposure of AgNPs
(18—19 nm in diameter) (Miller et al., 2016).

It is evident that Ag can bind to metallothionein (MT), selenium
(Se) and high-molecular-weight substances (HMWS) in the livers of
cetaceans and mainly accumulates in nuclear, lysosomal, and
mitochondrial fractions, as shown by cell fractionation analysis
(Ikemoto et al., 2004a, b; Kunito et al., 2004). In the present study,
the AMG positive signals in the liver tissues of cetaceans were
brown to black dots in hepatocytes and Kupffer cells, similar to the
results of a previous study conducted in 1981 (Danscher, 1981).
Therefore, it is presumed that Ag is conjugated with MT, Se and
HMWS, and then mainly accumulates in lysosomes of hepatocytes
of cetaceans. The AMG positivity signals in the kidney tissues of
cetaceans were mainly located in the proximal renal tubules of the
renal cortex. A previous study applied autofluorescent signals and
immunohistochemistry to localize Ag-MT complexes in the kidneys
of laboratory rats with intraperitoneal injection of silver lactate,
and it was found that they were exclusively located in the proximal
renal tubules of the renal cortex (Kurasaki et al., 2000). Previous
studies have indicated that the proximal renal tubular epithelium
of S1 and S2 segments have active endocytosis with abundant
intracytoplasmic lysosomes, and heavy metals can be uptaken by
tubular epithelium via endocytosis (Barbier et al., 2005; Cristofori
et al.,, 2007). Therefore, our findings may suggest that Ag/Ag com-
pounds in cetacean kidneys are reabsorbed by the proximal renal
tubular epithelium.

Our study also found differences in the AMG positive signals as

compared to previous studies (Danscher, 1981; Kim et al., 2009).
Since the basement membrane was considered the major location
of Ag deposition after oral administration of AgNOs in laboratory
rats (Boudreau et al., 2016; McGiven et al., 1977; Walker, 1972), it
was surprising that the AMG positivity signals in the basement
membrane of renal tubules and glomeruli were rarely found in
kidney tissues of cetaceans. Although the mechanism of Ag depo-
sition in the basement membrane is still largely unknown, it can be
associated with the high affinity of Ag to the abundant negative-
charged sulfhydryl and/or disulfide groups in the basement mem-
brane (Boudreau et al., 2016; Walker, 1971, 1972). Furthermore, in
previous studies, AMG positivity signals were observed in the nu-
cleus of the interstitial cells of the inner renal medulla (Kim et al.,
2009), but not in our study. The above differences indicate that
the metabolic profile of Ag in cetaceans is different from that in
laboratory rats.

The underlying mechanisms that cause the different metabolic
profile of Ag in cetaceans are still undetermined, but several pos-
sibilities should be considered. First, cetaceans may have different
physiological characteristics, and the composition of the basement
membrane in cetaceans could be different from those of laboratory
rats or other animals. Second, cetaceans may be exposed to
different types of Ag/Ag compounds, which could be quite different
from the Ag/Ag compounds used in previous studies on laboratory
animals. Third, cetaceans are exposed to varieties of contaminants;
thus, the interactions between Ag/Ag compounds and other con-
taminants in cetaceans may also affect the process of Ag deposition.
In addition, cetaceans may expose to Ag/Ag compounds at
extremely low concentration and for relatively long period of time,
which are different from laboratory animals and may affect the
process of Ag deposition.

Based on the significantly higher concentrations and diffuse
distribution patterns of Ag in the livers of these seven cetacean
species, it is most likely that the liver is the main storage organ for
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Table 4
Silver (Ag) concentrations (mean =+ stand deviation, ug/g dry wt.) of the liver and kidney tissues of cetaceans in various studies worldwide.
Location Oceans Time period Species Liver Kidney References
N Mean+SD N Mean+SD
Alaska, US Arctic 1989—1990 Delphinapterus leucas 14 86.44+83.63" — — (Becker et al., 1995)
Alaska, US Arctic 1989—-1990 Globicephala melas 8 053+036" — — (Becker et al., 2000)
Alaska, US  Arctic 1992—1999 Delphinapterus leucas 48 42374293 — — (Dehn et al.,, 2006; Woshner et al., 2001)
Alaska, US Arctic 1983—2001 Balaena mysticetus 127 043+093° — — (Dehn et al., 2006; RJ et al., 1995; Woshner et al., 2001)
Alaska, US Arctic 1983—2001 Balaena mysticetus 82 046+1.09° 86 0.04+0.04" (Rosa et al., 2008)
Spain North Atlantic 2004—2008 Delphinus delphis 100 0.69+0.69° 98 <0.31° (Mendez-Fernandez et al., 2014)
Spain North Atlantic 2004—2009 Globicephala melas 8 043+069° 6 <031° (Mendez-Fernandez et al., 2014)
Spain North Atlantic 2004—2010 Phocoena phocoena 14 3.44+3.5° 12 <0.31° (Mendez-Fernandez et al., 2014)
Spain North Atlantic 2004—2011 Stenella coeruleoalba 18 0.99+0.99" 16 <0.31° (Mendez-Fernandez et al., 2014)
Spain North Atlantic 2004—2012 Tursiops truncatus 8 066+063" 6 <031° (Mendez-Fernandez et al., 2014)
Carolina, US North Atlantic 1990—2011 Kogia sima 12 3.12+1.06° 9 N.D. (Reed et al., 2015)
Argentina South Atlantic 2010—2011 Cephalorhynchus commersonii 7 54+5 6 12+27 (Caceres-Saez et al., 2013)
Brazil South Atlantic 1997—2002 Delphinus capensis 1 271° - - (Kunito et al., 2004)
Brazil South Atlantic 1997—2000 Pontoporia blainvillei 23 793+13.54° — — (Kunito et al., 2004)
Brazil South Atlantic 1997—1999 Sotalia guianensis 20 6.28+4.29" — — (Kunito et al., 2004)
Brazil South Atlantic 1997—2003 Stenella coeruleoalba 1 10.57% - - (Kunito et al., 2004)
Brazil South Atlantic 1997—2001 Stenella frontalis 2 496" - = (Kunito et al., 2004)
Brazil South Atlantic N.A. Sotalia guianensis 19 0.79+0.89 - - (Seixas et al., 2009)
Alaska, US North Pacific 1992—1996 Delphinapterus leucas 6 224+13.78° — — (Becker et al., 2000)
Taiwan North Pacific  1994—1995 Grampus griseus 2  046+0.12 - = (Chen et al,, 2017)
Taiwan North Pacific 2001—-2012 Grampus griseus 12 5.87+10.80 12 0.19+0.22 (Chen et al., 2017)
Taiwan North Pacific 2001—2012 Kogia simus - - 6 0.28+0.36 (Chen etal, 2017)
Taiwan North Pacific  1994—1995 Stenella attenuata 4 042+0.16 - = (Chen et al,, 2017)
Taiwan North Pacific 2001—2012 Stenella attenuata 9 145+1.99 10 0.24+0.20 (Chen et al., 2017)
Russia North Pacific 2001 Eschrichtius robustus 29 033+046° — — (Dehn et al., 2006)
Japan North Pacific  1997—1998 Phocoenoides dalli 6 4.29+3.63 6 — (Ikemoto et al., 2004a)
Russia North Pacific 1994 Eschrichtius robustus 5 1.02 £ 0.2¢ - - (Tilbury et al., 2002)
Taiwan North Pacific 1999—2016 Feresa attenuata 22 1295+6.64 22 0.91+043 This study
Taiwan North Pacific  1999—2016 Grampus griseus 5 1267+7.09 5 0.43+0.36 This study
Taiwan North Pacific  1999—2016 Kogia spp. 38 9.32+6.08 38 0.38+0.36 This study
Taiwan North Pacific 1999—2016 Lagenodelphis hosei 13 6.96+6.87 13 0.44+0.46 This study
Taiwan North Pacific  1999—2016 Stenella attenuata 13 12.65+6.28 13 0.63+0.44 This study
Taiwan North Pacific  1999—2016 Steno bredanensis 8 11.89+6.13 8 0.14+0.13 This study
Taiwan North Pacific 1999—2016 Tursiops truncatus 11 9.27+56 11 0.33+0.42 This study
New Zealand South Pacific 1999—2005 Delphinus capensis 3 265+099" 3 0.15+0" (Stockin et al, 2007)

2 Wet weight basis concentration has been converted to dry weight basis concentration by assuming that moisture content was 69.73% for liver and 77.32 for kidney (Yang
and Miyazaki, 2003).

Table 5

The lesions presented in the liver and kidney tissues of stranded cetaceans with high, intermediate and baseline Ag concentrations.

Lesions® Ag concentration”
High Intermediate Baseline Significance?
N=83 N=24 N=3
Liver® Severe congestion 31 (42.5%) 7 (29.2%) 0 (0.0%) NS
Vacuolar degeneration of hepatocytes 29 (33.3%) 7 (29.2%) 1(33.3%) NS
Non-specific reactive hepatitis 41 (47.1%) 10 (41.7%) 0 (0.0%) NS
Hyaline inclusions in hepatocytes 47 (54.0%) 9 (37.5%) 2 (66.7%) NS
Lesions® Ag concentration®
High Intermediate Baseline Significance?
N=60 N=27 N=23
Kidney Vacuolar degeneration of proximal renal tubular epithelium 5(8.3%) 3(11.1%) 2 (8.7%) NS
Hyaline droplets in the proximal renal tubular epithelium 11 (19.3%) 4(14.8%) 4(17.4%) NS

2 The lesions with >3 frequencies (n > 3) were used in the correlation analysis.
b The liver tissues with estimated Ag concentrations <0.43, 0.43—4.45, and >4.45 ug/g were respectively classified into baseline, intermediate, and high group (Chen et al.,

2017).

¢ The kidney tissues with estimated Ag concentrations <0.08, 0.08—0.33, and >0.33 ug/g were respectively classified into baseline, intermediate, and high groups (Chen

et al, 2017).

d p-value < .05 was considered statistically significant. NS = No significance.
¢ Because the observed values were less than 5 in some cells of the contingency table, Fisher's exact test was used.

Ag/Ag compounds, but the kidneys may be a transit station for the
metabolism of Ag/Ag compounds in cetaceans. Although the
metabolism of Ag is still largely unknown in animals, a presumptive
metabolic pathway of Ag in cetaceans is advanced based on our
results and previous studies focused on heavy metals metabolism

(Fig. 5). It is presumed that Ag/Ag compounds can enter the ceta-
cean body through food intake and then be delivered to the liver
through the gastrointestinal tract and portal circulation (Loeschner
et al., 2011; van der Zande et al., 2012). Previous studies found that
Ag can bind to the Se and HMWS, and Se is a component of the
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Fig. 5. Presumptive metabolic pathway of Ag in cetaceans. Se = selenium; MT = metallothionein; HMWS = high-molecular-weight substances.

HMWS in plasma protein (Ikemoto et al., 2004a; Naganuma and
Imura, 1983; Yoneda and Suzuki, 1997a, b). Besides, previous
studies also suggested that the heavy metals can bind rapidly to
albumin in plasma (Barbier et al., 2005). Therefore, the Ag/Ag
compounds during the portal circulation is considered to be con-
jugated with proteins, including Se, HMWS or albumin. Most of the
Ag/Ag compounds with proteins (Se, HMWS or albumin) conjuga-
tion are uptaken by hepatocytes, degraded in lysosomes, released
into the cytoplasm of hepatocytes, conjugated with MT, Se or
HMWS, and stored in the lysosomes of hepatocytes (Ikemoto et al.,
2004a, b; Kunito et al., 2004). Some of the Ag/Ag compounds with
protein (Se, HMWS or albumin) conjugation may still remain in
blood circulation, or those with MT, Se or HWMS conjugation in
hepatocytes may be released into blood circulation during renewal
of hepatocytes (Barbier et al., 2005; Loeschner et al., 2011; van der
Zande et al., 2012). The Ag/Ag compounds in blood circulation can
be subsequently delivered to multiple organs, such as the kidneys
(Loeschner et al., 2011; van der Zande et al., 2012). In the kidneys,
Ag/Ag compounds with MT, Se, HWMS or albumin conjugation can
penetrate through the glomeruli and then be reabsorbed by prox-
imal renal tubular epithelium (Barbier et al., 2005; Cristofori et al.,
2007; Kurasaki et al., 2000).

The significant positive correlation between the results of ICP-
MS and AMG positivity values suggests that the areas of AMG
positivity signals can be a parameter for estimating the Ag con-
centration. Therefore, the CHAA was developed based on the AMG
positivity values and regression model. Generally, a more compli-
cated model with more parameters fits the data better than the
simpler one (in other words, it has a relatively high adjusted R?),
but it is necessary to statistically evaluate whether the differences
among these regression models are sufficient to justify a preference
for the more complicated model. Hence, these regression models
were compared statistically (Liang et al., 2017; Spiess and
Neumeyer, 2010), and the results showed that linear regression
through origin was preferred for the CHAA in both the livers and
kidneys of cetaceans. The adjusted R? of the CHAA for livers (0.74)
and kidneys (0.69) indicates that most of the response is attributed
to Ag concentration, but some undetermined factors still influence
the CHAA for the liver and kidney tissues of cetaceans. One of the
possible factors influencing the CHAA for the liver and kidney tis-
sues of cetaceans is the differences among cetacean species. The
samples with known Ag concentrations in the current study were

collected from cetaceans of four different species, which have
different habitats, prey, and physiological characteristics (Baird,
2009; Louella and Dolar, 2009; McAlpine, 2009; Perrin, 2009).
Therefore, it is rational to consider that the models for estimating
the Ag concentration by AMG positivity values may be different for
different cetacean species. The best way to improve the effect size
(adjusted R?) of our models is to increase the sample sizes of each
cetacean species with known Ag concentrations determined by
ICP-MS. Furthermore, if the sample sizes are large enough, more
accurate models for estimating the Ag concentration can be
developed for each cetacean species.

Considering the mean SDs of the accuracy tests of the CHAA
(liver: 3.24; kidney: 0.16) and the precision tests of the semi-
quantitative analysis for AMG positivity (liver: 2.8; kidney: 0.35),
the accuracy errors of the CHAA may be largely attributable to the
errors in the semi-quantitative analysis for AMG positivity. In
particular, the mean SD in the precision test of the semi-
quantitative analysis in the kidney tissues of cetaceans is larger
than that of the accuracy test in the CHAA for kidneys (0.35 > 0.16).
Therefore, the accuracy of the CHAA for kidneys may be lower than
that for livers, and it might be associated with the uneven distri-
bution of the AMG positivity signals and the relatively low Ag
concentrations in the kidney tissues of cetaceans. In contrast, the
accuracy of the CHAA for livers is not affected by the above factors
because of the even distribution of AMG positive signals and the
relatively high Ag concentrations in the liver tissues of cetaceans.
This phenomenon also explains the relatively lower adjusted R? in
the CHAA for kidneys, and the reliability of the CHAA for kidneys is
low.

Intracytoplasmic hyaline inclusions of hepatocytes were
commonly found in the stranded cetaceans of each species in this
study. The hyaline inclusions are most likely associated with he-
patocellular hypoxia due to impaired blood circulation during
stranding, but other possibilities such as morbillivirus infection and
toxic effect of contaminants have been postulated (Jaber et al,
2004). Non-specific reactive hepatitis, characterized by infiamma-
tory cells infiltrations in portal areas and/or in the parenchyma
without the presence of hepatocellular necrosis, represents a non-
specific response to the extrahepatic diseases and/or previous
intrahepatic inflammatory diseases (Jaber et al., 2004; van den Ingh
et al., 2006). Severe congestion of liver is most frequently observed
in the Kogia spp. (34/38), and this lesion has been associated with
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dilated cardiomyopathy in this species (Bossart et al., 1985, 2007).
Vacuolar degeneration of hepatocytes is not uncommon in
stranded cetaceans with metabolic disorders due toxic injuries and/
or nutritional deficiencies (Jaber et al., 2004). The meanings of
hyaline droplets and vacuolar degeneration of renal tubular
epithelium in cetaceans are still undetermined. In laboratory rats
and mice, the presence of hyaline droplets indicated that the low
molecular weight protein is accumulated within lysosomes due to
impairment of tubular reabsorption/hydrolysis, which is as asso-
ciated with increased filtered protein loads or decreased catabolism
(Frazier et al., 2012). The vacuolar degeneration of proximal renal
tubular epithelium may be a preceding and reversible change of
tubular degeneration/necrosis, but may be a post-mortem change
and can be observed in healthy animals (Frazier et al., 2012). As
above, the lesions found in liver and kidney tissues are non-specific,
and no marked intralesional aggregates of AMG positive signals are
noted. Besides, there was no statistically significant correlation
between these lesions and Ag concentrations of liver and kidney
tissues of cetaceans, and thus there is no direct evidence of Ag
deposition induced lesions in the liver and kidney tissues of ceta-
ceans. However, stranded cetaceans are not laboratory animals and
not well controlled to expose to a single contaminant. Therefore,
further investigations are warranted to study the systemic Ag dis-
tribution, the cause of death/stranding, and the infectious diseases
in stranded cetaceans with different Ag concentrations for
comprehensively evaluating the negative health effects caused by
Ag in cetaceans.

Although there is no statistically significant correlation between
the observed lesions and Ag concentrations in the liver and kidney
tissues, the Ag concentrations of cetaceans in the present study are
relatively higher than those reported in previous studies conducted
in other marine regions, with the exceptions of Delphinapterus
leucas in the Arctic Ocean and Sotalia guianensis and Pontoporia
blainvillei in the South Atlantic Ocean (Table 4). The Ag concen-
trations found in the present study also indicate that Ag contami-
nation is relatively more severe in the North-western Pacific Ocean
than in other marine regions of the world. In addition, most of the
estimated Ag concentrations in the liver and kidney tissues of
stranded cetaceans in Taiwan are markedly higher than the base-
line concentrations (Chen et al., 2017), and this finding further
suggests that the Ag contamination in the North-western Pacific
Ocean may have caused detrimental effects on the health of
cetaceans.

In addition, a significant age-dependent increase in the Ag
concentration estimated by the CHAA was found in the present
study, and similar phenomena have been reported in a variety of
cetacean species (Becker et al., 1995; Reed et al., 2015; Romero et al.,
2017; Seixas et al., 2009). This data indicates that the Ag deposition
in cetaceans aggravate with time, and thus the source of Ag
deposition is most likely from their prey. The tissues of cetaceans in
this study were from 7 different species and have different habitats
and prey, but there are no significant difference in Ag concentra-
tions between different cetacean species. This finding also suggests
that the Ag contamination may exist in all aspects of the marine
ecosystem. Therefore, it is necessary to raise the public awareness
and encourage more studies about Ag contamination.

5. Conclusions

In summary, the present study localized Ag by AMG and
developed a model called the CHAA to estimate the Ag concen-
trations in liver and kidney tissues from 7 cetacean species. The Ag
distribution pattern in cetaceans was different from those in pre-
vious studies conducted in laboratory rats, and this difference may
suggest that cetaceans have a different metabolic profile of Ag.

Therefore, a presumptive metabolic pathway of Ag in cetaceans is
advanced. Furthermore, our results suggest that Ag contamination
is more severe in cetaceans living in the North-western Pacific
Ocean than in cetaceans living in other marine regions of the world
and may have detrimental effects on their health condition.
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