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Abstract

Background: Contaminants of emerging concern (CECs) have garnered significant attention due to their potential impacts on ecology,
wildlife, and human health. The interest in these contaminants arises from their inadequate regulation or lack of routine monitoring in
natural environments. Among them, per- and polyfluoroalkyl substances (PFAS) are of particular concern due to their notable propensity
to accumulate within the kidney, significantly influencing the excretion of these pollutants. Rodlet cells (RCs) have emerged as promising
indicators of immunotoxicity in response to chemical stressors. A prior comprehensive study extensively detailed the effects of sub-
chronic exposure to perfluorooctanoic acid (PFOA), a well-known PFAS compound, on RCs located in the hematopoietic tissue of
the common carp kidney. Even at concentrations commonly found in the environment, PFOA exhibited a significant impact on the
distribution patterns of RCs, concurrently enhancing exocytosis activity. Methods: The assessment of PFOA-induced RC degranulation
employed texture analysis combined with linear discriminant analysis (LDA) to differentiate between various experimental exposure
groups. The investigation encompassed three fish groups: an unexposed group, a group exposed to an environmentally relevant PFOA
concentration (200 ng L™1), and a group exposed to a higher PFOA concentration (2 mg L™"). Texture analysis was conducted on high-
resolution color (RGB) images obtained from light microscopy of ultrathin sections from five fish per experimental group, stained with
toluidine blue. Results: This analysis facilitated the quantification of potential cytoplasmic alterations associated with degranulation,
encompassing all three RGB channels. The data subjected to LDA enabled the identification of the most distinctive texture characteristics,
providing a reliable, objective, and reproducible method to differentiate between experimental groups. Remarkably, 98.0% of both the
original and cross-validated cases were correctly classified. However, only one unexposed case was misclassified as a fish exposed to a
200 ng L' PFOA concentration, constituting the single false positive in the analysis. Conclusions: Utilizing texture analysis and LDA
to quantify RC degranulation offers a dependable approach for assessing immunotoxicity within experimental models of toxicological
and environmental pathology. This underscores the scientific significance of employing a morphological approach in such investigations.

Keywords: image analysis; linear discriminant analysis; fish model; common carp; PFAS; immunotoxicity; degranulation patterns;
toxicologic pathology; environmental pathology

1. Introduction ter, recalcitrance, and prolonged half-lives within biolog-
ical systems have raised considerable concerns in aquatic

Contaminants of emerging concern (CECs) hold a ecosystems [11,12].

paramount position in the realm of environmental science
due to their potential ecological, wildlife, and human health
implications, primarily stemming from their limited regula-
tion and insufficient routine monitoring within natural en-
vironments [1]. Among the significant categories of CECs,
per- and polyfluoroalkyl substances (PFAS) emerge as a
central concern [2]. These substances can accumulate in
renal tissues at substantial concentrations, prominently in-

Fish, as a crucial component of aquatic ecosystems,
experience consistent exposure to PFOA, resulting in its
bioaccumulation within their tissues [13,14]. This situ-
ation raises concerns about potential human exposure to
PFOA through the consumption of fish within the food sup-
ply chain [15]. Therefore, fish species serve as valuable
subjects for researching the toxicologic and environmental
pathologic effects of PFOA according to the holistic One

fluencing their excretory function and manifesting potential
nephrotoxicity [3—6]. Furthermore, PFAS compounds have
been recognized for their immunotoxic effects [7-9].

Perfluorooctanoic acid (PFOA), a well-known mem-
ber of the PFAS group, is characterized by its amphiphilic
nature, featuring a hydrophobic seven-carbon chain with
fluorine atom substitutions for hydrogen and a hydrophilic
carboxylic group [10]. Its exceptional solubility in wa-

Health perspective [16,17].

Although research on PFOA effects has largely fo-
cused on cyprinids like zebrafish (Danio rerio) [18], the
common carp (Cyprinus carpio) stands as a robust model
for studying the impact of this pollutant on fish communi-
ties in nature. Its availability for research, ease of mainte-
nance, significance as a food source, abundance in fresh-
water ecosystems, and role as an “ecological engineer”
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[19] make it an ideal candidate for assessing emerging pol-
lutants’ effects. Its effectiveness has been demonstrated
in both experimental and field research concerning PFAS
compounds [5,7,8,20-22].

The common carp’s kidney, comprising various histo-
logical components such as nephrons, hematopoietic tissue,
and thyroid follicles [23], has garnered attention as a ver-
satile and multipurpose biomarker organ. This recognition
extends to its relevance in environmental pathology, toxi-
cological research, and translational medicine due to its po-
tential to assess the impacts of toxic exposures on various
functionalities [5,7,8,22].

Rodlet cells (RCs), a unique feature found in teleosts,
were initially documented by Thélohan in 1892. Subse-
quent to this discovery, extensive literature reviews have
examined the characteristics, origin, structure, and func-
tionality of these distinct cells. These studies highlight their
potential as biomarkers for chemical exposure [24,25]. RCs
primarily reside in the epithelia of various organs in fish
species from both freshwater and saltwater habitats [24,25].
Morphologically, mature RCs exhibit a distinct polarized
profile, featuring a peripheral cytoplasmic area with aligned
microfilaments, rod-shaped granules known as rodlets, and
the remaining section of the cytoplasm displaying conspic-
uous vesiculations. Furthermore, the nucleus is positioned
at one extremity [8,24,25].

In recent decades, mounting evidence has highlighted
the integral role of RCs in the innate immune system of
fish, demonstrating their capacity to respond to different
noxae [7,8,24,26-28]. This assertion finds support in vari-
ous aspects: First, the resemblance and shared features ob-
served between RCs and leukocytes, notably their perivas-
cular positioning and the presence of villous projections,
which exhibit structural similarities, potentially resembling
T cell microvilli [8,25,29,30]. Second, RCs demonstrate
aggregation at sites affected by both micro- and macropar-
asites [25,31]. Third, RCs exhibit close associations with
other immune cells [7,24,29]. Fourth, the immunolocal-
ization of immune-active components within RCs, such as
tumor necrosis factor «, lysozyme, inducible nitric oxide
synthase, and piscidin 1 [28,32,33], along with Toll-like
receptor-2 [34], further underscores their involvement in
immune responses.

RCs were shown to react to diverse noxae, encompass-
ing parasites and environmental pollutants, showcasing al-
terations in their cellular functions, including secretion pat-
terns and recruitment [7,8,31]. Recent studies have high-
lighted the potential of RCs to serve as valuable biomark-
ers for evaluating immunotoxicity resulting from exposure
to chemical stressors [7,8].

In a previous study involving fish from the same ex-
perimental cohort as the present research, an investiga-
tion was conducted to assess the effects of varying con-
centrations of PFOA. This analysis encompassed a com-
prehensive evaluation utilizing both structural and ultra-

structural methodologies to examine the distribution of RCs
within the tissue and their exocytosis patterns. Addition-
ally, quantitative assessment through biometric analysis
was employed to determine the abundance of RCs within
the hematopoietic tissue [8]. The outcomes of that investi-
gation demonstrated that PFOA exerted a significant influ-
ence on the distribution patterns of RC. This held true even
ata 200 ng L~! PFOA concentration—an environmentally
relevant concentration [8]. This influence was character-
ized by an increase in the prevalence of RCs and their ten-
dency to aggregate, along with heightened exocytosis (de-
granulation) activity. The latter activity was qualitatively
characterized both structurally and ultrastructurally and was
found to be correlated with PFOA concentration.

These findings elucidate the immunotoxic effects of
PFOA on fish and imply the potential of RCs to serve as sen-
tinel cells in responding to environmental pollutants within
the immune system [8].

The term “texture” encompasses various patterns and
sub-patterns of brightness, color, and other visual attributes
[35,36]. The initial step in image texture analysis in-
volves feature extraction, which quantitatively describes
the texture using structural, statistical, model-based, and
transformation-based methods [35-37]. Subsequently, the
objective is texture discrimination, with the goal of identi-
fying and categorizing image regions with consistent tex-
ture properties, such as distinguishing between normal and
pathological areas [37,38].

In the context of this study, the primary objective
is to provide a quantitative characterization of PFOA-
induced degranulation within RCs in common carp exposed
to an environmentally relevant PFOA concentration (200
ng L™1), and a higher PFOA concentration (2 mg L™1).
This characterization is achieved through a comprehen-
sive analysis of the texture of RC cytoplasm, coupled with
the application of linear discriminant analysis (LDA). This
integrated approach provides an objective and replicable
method for discerning the extent of degranulation across
different experimental groups, thereby eliminating poten-
tial operator-dependent biases. Notably, the combined use
of texture analysis and LDA has previously demonstrated
its efficacy in the reliable quantitative characterization of
mast cell degranulation in fish [39—41].

2. Materials and Methods
2.1 Experimental Design

The kidney specimens used in this investigation were
derived from a previous study conducted by Giari et al.
(2016) [42]. While a summarized version is presented here,
detailed information regarding fish selection, maintenance,
and the specific experimental framework concerning PFOA
exposure is available in the aforementioned publication.
Thirty-one adult common carp (Cyprinus carpio), two years
old, were obtained from a local fish farm and acclimatized
over a four-week period. Throughout the exposure test,

&% IMR Press


https://www.imrpress.com

Fig. 1. Region of interest selection procedure. (A) The peculiar structural features of mature rodlet cells facilitate their detection

within the hematopoietic tissue. Key features include a polarized pear shape with the nucleus (n) located at one extremity, typical rod-

shaped granules, the so-named rodlets (thin arrows), pointing towards the opposite extremity, and a notable peripheral thickening of the

cytoplasm, resembling a “capsule” (arrowheads). These features are easily visible, along with the vesiculated aspect (asterisks) of the rest

of the cytoplasm, which is enhanced by perfluorooctanoic acid (PFOA) exposure. (B) A region of interest (ROI) can be easily delineated

using the polygon selection tools in Icy, with the “capsule” serving as a guide to encompass the cytoplasm while excluding the nucleus.

Semithin kidney sections from a fish exposed to 2 mg L™! PFOA, stained with toluidine blue. Scale bar = 10 pm.

these specimens were maintained under a 14:10 h light—
dark cycle and fed thrice weekly with pellet food (Tetra
Pond Pellets Mini, Tetra, Melle, Germany). The subjects
were divided into three groups: a control group unexposed
to PFOA (n = 10), a group exposed to an environmentally
relevant PFOA concentration (200 ng L=1) (n = 10), and a
group exposed to a higher PFOA concentration (2 mg L~1)
(n=11). Each cohort was housed in a 120 L glass aquarium
supplied with tap water, receiving a constant fresh water
supply (flow-through rate of 500 mL min~!). PFOA was
consistently delivered into two treatment aquaria through
a peristaltic pump to achieve specified concentrations. The
200 ng L~! concentration emulated an environmentally rel-
evant level observed in surface water, while the 2 mg L1
concentration was based on evidence known to provoke his-
tological responses in cyprinid fish [8,42]. Monitoring of
key parameters such as water temperature (10-15 °C), pH
(6.70-8.00), and oxygen saturation (>80%) occurred three
times a week in each aquarium. After a 56-day sub-chronic
exposure period, humane euthanasia was performed using
tricaine methane-sulfonate (MS-222), followed by necrop-
sies.

2.2 Tissue Processing

In the current investigation, 15 representative kidney
specimens were collected from 15 common carp, compris-
ing 5 samples each from unexposed carp, carp exposed to
an environmentally relevant PFOA concentration (200 ng
L~1), and carp exposed to a higher PFOA concentration (2
mg L~1). The kidney samples underwent standard electron
microscopy preparation. Initially, they were fixed ina 2.5%
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glutaraldehyde-buffered solution (sodium cacodylate, pH
7.3) for 3 hours at 4 °C. Subsequently, a 1% osmium tetrox-
ide solution was applied for 2 hours. Dehydration using
acetone followed the fixation. Embedding in epoxy resin
(Durcupan™ ACM, Fluka, Sigma-Aldrich, St. Louis, MO,
USA) and sectioning with a Reichert Om U2 ultramicro-
tome (Reichert-Jung Co., Heidelberg, Germany) produced
approximately 90 nm thick ultrathin sections. These sec-
tions were stained with toluidine blue for examination and
imaging using a Nikon Eclipse 80i light microscope (Nikon,
Tokyo, Japan) equipped with a digital camera.

2.3 Texture Analysis

High-resolution color (RGB) images with dimensions
of 2560 x 1920 pixels (20 pixels = 1 pm) were employed
for image analysis at a magnification of 1000x. The dis-
tinctive morphology of RCs (Fig. 1A) facilitated their easy
identification within the hematopoietic tissue. The cyto-
plasm of RCs, sectioned along their main axis, was se-
lected using polygon selection tools in Icy software (ver-
sion 2.4.3.0, Institut Pasteur and France Biolmaging, Paris
and Montpellier, France), as illustrated in Fig. 1B. Subse-
quently, the following texture features were extracted from
the selected region of interest (ROI) for each of the color
RGB channels, utilizing the ROI statistics tool in Icy:

e For the first-order texture analysis method, grey-
level histogram analysis was employed, resulting in the fol-
lowing features: minimal intensity, mean intensity, maxi-
mal intensity, sum intensity, and standard deviation.

e For the second-order texture analysis method, anal-
ysis of the grey-level co-occurrence matrix (GLCM) was
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Fig. 2. Canonical discriminant function plot. Group centroids are represented as black squares. Individual samples, representing the

cytoplasm screened for texture features from each rodlet cell (RC), are indicated using distinct symbols and colors, corresponding to

their respective experimental groups. Notably, the unexposed group’s convex hull partially overlaps with that of the 200 ng L~! PFOA

group, signifying a single misclassified case (false positive). In contrast, cases from the 2 mg L~ PFOA group appear to be distinctly

discriminated along the primary discriminant axis (discriminant function 1), accounting for 94.4% of the variance explained by the model.

Ctrl, unexposed; LC, 200 ng L™! PFOA; HC, 2 mg L~! PFOA.

conducted, yielding Haralick’s texture features: texture an-
gular second moment, texture contrast, texture entropy, and
texture homogeneity.

The selection of both first-order and second-order tex-
ture analysis methods was based on their complementary
nature and their ability to provide comprehensive insights
into cell degranulation, as reported in previous research
[39-41].

2.4 Statistical Analysis

Texture feature datasets underwent assessment for
normal distribution and equality of variance using the
Shapiro—Wilk test and Levene test, respectively. Subse-
quently, these features underwent linear discriminant anal-
ysis (LDA), stepwise analysis, and Mahalanobis distance
using SPSS 14.0.2 (SPSS Inc., Chicago, IL, USA). LDA
relies on the categorization of data into different classes or

groups. By categorizing data, LDA can identify the most
discriminative features or dimensions that separate these
categories, leading to more accurate and efficient classifi-
cation results [43]. Given that some texture features exhib-
ited slight deviations from normality and/or homogeneity of
variance, it’s worth noting that LDA is generally considered
robust enough to accommodate such deviations. However,
as a precaution, the dataset was reevaluated and confirmed
following normalization transformations (including square-
root and logarithmic transformations). Additionally, both a
pooled covariance matrix and separate covariance matrices
were employed, as suggested by Norusis (2005) [43].

3. Results

The outcomes of the LDA applied to texture fea-
tures are summarized visually in Fig. 2 and detailed in Ta-
bles 1-3. These tables present classification results for both
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Table 1. Variables in the analysis.

Step Tolerance  F-to-Remove  Min. D Squared Between Groups

1 Max Intensity (ch 1) 1.000 10.340

5 Max Intensity (ch 1) 0.263 35.547 0.005 Ctrl and HD
Max Intensity (ch 2) 0.263 71.044 0.190 LD and HD
Max Intensity (ch 1) 0.259 15.230 3.895 Ctrl and HD

3 Max Intensity (ch 2) 0.249 54.387 3.145 LD and HD
Mean Intensity (ch 1) 0.684 8.405 4.865 Ctrl and LD
Max Intensity (ch 1) 0.225 7.323 8.835 Ctrl and HD

4 Max Intensity (ch 2) 0.217 59.681 3.246 Ctrl and HD
Mean Intensity (ch 1) 0.485 17.692 6.478 Ctrl and LD
Standard Deviation (ch 1) 0.396 11.580 5.939 Ctrl and LD
Max Intensity (ch 1) 0.215 7.485 9.253 Ctrl and HD
Max Intensity (ch 2) 0.188 70.323 3.264 Ctrl and HD

5 Mean Intensity (ch 1) 0.452 20.063 7.376 Ctrl and LD
Standard Deviation (ch 1) 0.130 14.977 6.742 Ctrl and LD
Texture contrast (ch 0) 0.187 4.261 10.651 Ctrl and LD

In this table, the variables retained at each step of the analysis, as determined through stepwise analysis and

Mabhalanobis distance, are presented. The table also includes the F value for the change in Wilk’s lambda. The

default values for F-to-enter and F-to-remove are set at 3.84 and 2.71, respectively. Ctrl signifies the control

group without exposure to perfluorooctanoic acid (PFOA), LD denotes the low dosage group (200 ng L1
PFOA), and HD designates the high dosage group (2 mg L~ PFOA).

the original and cross-validated cases. The LDA method
achieved 98% accuracy in correctly classifying cases, with
only one false positive instance. Specifically, one unex-
posed case was misclassified as exposed to 200 ng L~!
PFOA. In terms of the diagnostic properties, considering
unexposed fish as negative cases and exposed fish as posi-
tive cases, the following key properties were preserved: di-
agnostic sensitivity of 100%, diagnostic specificity of 86%,
diagnostic accuracy of 98%, predictive value of a positive
test 0of 98%, and predictive value of a negative test of 100%.
These results held consistent across original cases, cross-
validated cases, and jackknifed resampled cases. It’s note-
worthy that jackknife resampling was performed using sep-
arate software (Past 4.14; @yvind Hammer, Natural History
Museum, University of Oslo, Oslo, Norway).

4. Discussion

The exploration of RC degranulation in response to
toxic exposure remains relatively unexplored in the scien-
tific literature, barring a prior qualitative structural and ul-
trastructural study conducted in carp from the current ex-
perimental cohort [8]. This earlier investigation specif-
ically examined RC distribution and exocytosis patterns
using light and transmission electron microscopy, along
with biometric measurements quantifying RCs within the
hematopoietic tissue [8]. The findings from that study re-
vealed that even at a concentration as low as 200 ng L~ 1,
considered environmentally relevant, PFOA significantly
influenced RC distribution patterns. Specifically, expo-
sure to PFOA led to increased cluster formation and height-
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ened exocytosis activity. These observations underscore
the immunotoxic effects of this pollutant in fish and sug-
gest the potential of RCs to act as sentinel cells within
the immune system, responding to environmental pollutants
[8]. Examination under light microscopy revealed that RCs
from PFOA-exposed fish displayed heightened cytoplasmic
vesiculation, leading to enhanced visual clarity compared
to RCs from the unexposed group. Furthermore, the ex-
posed samples showed a higher occurrence of discharging
or discharged RCs [8]. The ultrastructural analysis revealed
heightened dissolution of rodlet sacs and increased fusion
of rodlet membranes in PFOA-exposed fish. Additionally,
there was a significant enhancement in the protrusion and
fusion of cytoplasmic vesicles, both within and with adja-
cent ones [8]. These structural alterations collectively con-
tributed to the clearer and more vesicle-rich appearance of
RCs observed under light microscopy [8]. These findings
confirmed the intrinsic exocytosis activity of RCs, known
for piecemeal exocytosis. Furthermore, they underscored
that exposure to PFOA amplifies this basal exocytosis ac-
tivity in a concentration-dependent manner, leading to en-
hanced fusion of rodlet membranes, akin to the process ob-
served in compound exocytosis [8].

In the present investigation, the aforementioned qual-
itative findings were validated through an objective ap-
proach utilizing texture analysis of cytoplasm and subse-
quent statistical analysis employing LDA. The grayscale
variations from all three RGB channels, represented by
the most discriminatory texture features, effectively sum-
marized the structural and ultrastructural variations among
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Table 2. Pairwise group comparisons

a,b,c,d,e

Step  Group Unexposed 200 ng L' PFOA 2mg L™! PFOA
U ; F 20.662 12.237
nexpose
P Sig. 0.000 0.001
| N F 20.662 1.994
200ng L'l PFOA .
Sig.  0.000 0.165
yooitpron T 12.237 1.994
m,
& Sig.  0.001 0.165
U ; F 12.638 24.543
nex
exXpose Sig. 0.000 0.000
5 B F 12.638 70.832
200 ng L™' PFOA X
Sig.  0.000 0.000
sooitpron F 24.543 70.832
B Sig.  0.000 0.000
U | F 10.055 20.230
nexpose
P Sig. 0.000 0.000
; N F 10.055 69.378
200ng L= PFOA 0.000 0.000
yooitpron T 20.230 69.378
m,
& Sig.  0.000 0.000
U ; F 13.218 16.727
nex
XPOSE Sig. 0.000 0.000
A B F 13.218 79.531
200ng LPFOA o 0.000 0.000
ymeitpron T 16.727 79.531
m;
& Sig.  0.000 0.000
U ; F 12.621 14.295
flexposs Sig. 0.000 0.000
5 4 F 12.621 75.835
200ng L= PFOA 0.000 0.000
yooitpron T 14.295 75.835
m,
& Sig.  0.000 0.000

21, 46 degrees of freedom for step 1.
b2, 45 degrees of freedom for step 2.
€3, 44 degrees of freedom for step 3.
44, 43 degrees of freedom for step 4.
€5, 42 degrees of freedom for step 5.

The pairwise group comparison at each step during the stepwise analysis is reported, showing

the improvement in discrimination at each step. PFOA, perfluorooctanoic acid.

the experimental groups, as documented in the preceding
study [8]. More specifically, the ultrastructural changes in-
duced by PFOA in RC cytoplasm, which manifest as the
clearer and more vesiculated aspect observable under light
microscopy, gave rise to a distinctive grayscale distribution
pattern, commonly referred to as texture. This texture pat-
tern was unique to each experimental group and served as
a reliable discriminative feature among them.

As previously mentioned, the fish in this study were
derived from a prior experimental cohort that used toluidine
blue as the staining method for ultrathin sections. Intrigu-
ingly, despite the application of a predominantly monochro-
matic stain, all three RGB channels contributed to the dis-

crimination among experimental groups, suggesting poten-
tial avenues for further research involving polychromatic
staining techniques and/or testing across multiple wave-
lengths spanning a wide spectral range, as seen in hyper-
spectral microscopy. Nevertheless, it is imperative to em-
phasize that the primary objective of this study was not to
identify absolute discriminant values for use as reference
points. Rather, it aimed to propose a dependable and objec-
tive method for comparing samples against a known con-
trol, facilitating the objective characterization of changes
induced by degranulation in RC cytoplasm, to be used in
toxicologic and environmental pathology studies.
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Table 3. Classification results™® according to Mahalanobis distance stepwise method.

Predicted Group Membership

Group Total
Unexposed 200ng L' PFOA 2 mgL™' PFOA
Unexposed 6 1 0 7
Count 200 ng L' PFOA 0 22 0 22
L. 2 mg L' PFOA 0 0 20 20
Original
Unexposed 85.7 14.3 0.0 100.0
% 200 ng L™! PFOA 0.0 100.0 0.0 100.0
2mg L' PFOA 0.0 0.0 100.0 100.0
Unexposed 6 1 0 7
Count 200 ng L™! PFOA 0 22 0 22
2mg L' PFOA 0 0 20 20
Cross-validated® me
Unexposed 85.7 14.3 0.0 100.0
% 200 ng L™* PFOA 0.0 100.0 0.0 100.0
2 mg L' PFOA 0.0 0.0 100.0 100.0

2Cross validation is carried out only for those cases in the analysis. In cross validation, each case is classified by the

functions derived from all cases other than that case.
Y98% of originally grouped cases correctly classified.
€98% of cross-validated grouped cases correctly classified.

In this table, the classification results achieved through the Mahalanobis distance stepwise method are presented. The

results demonstrate a 98% correct classification rate for both original and cross-validated cases, with only one false

positive case. Specifically, an unexposed case was misclassified as exposed to 200 ng L~! PFOA.

RCs have been acknowledged as essential components
of the fish’s innate immune system, as evidenced by pre-
vious studies [7,24,27,28]. Furthermore, degranulation of
RCs has been observed in association with various noxious
agents, including toxic substances [7,8,44,45]. As degran-
ulation is a crucial mechanism through which immune cells
interact with their environment, encompassing host cells,
tissues, and pathogens [46], its induction by toxics deserves
considerable attention, especially concerning its potential
impact on immunocompetence [7,8]. This underscores the
importance of employing reliable tools to assess RC degran-
ulation. Notably, texture analysis and LDA have previously
demonstrated their effectiveness in characterizing mast cell
degranulation in fish [39—41].

5. Conclusions

In conclusion, this study has focused on exploring RC
degranulation in response to PFOA exposure, employing
texture analysis in combination with LDA to objectively
characterize grayscale differences in RC cytoplasm among
experimental groups. The quantitative analyses conducted
have demonstrated the efficacy of these methods in dis-
cerning subtle changes induced by RC degranulation due
to PFOA exposure.

Significantly, the findings underscore the unique capa-
bility of LDA in distinguishing among experimental groups
based on distinctive texture features derived from RC cyto-
plasm. These observations highlight discernible variations
in RC characteristics consequent to PFOA exposure, align-
ing with known immunotoxic effects associated with such
contaminants.
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The results of this study suggest that texture analysis
coupled with LDA serves as a powerful tool for objectively
assessing contaminant-induced alterations in cellular struc-
tures. By providing insights into immunotoxicity mecha-
nisms, this research potentially contributes to the develop-
ment of robust methodologies applicable to toxicological
and environmental pathology research.

Ultimately, this research has the potential to impact
public health policies by enhancing the ability to objectively
evaluate the effects of environmental contaminants on cel-
lular morphology, thereby contributing significantly to the
broader field of environmental health and toxicology.
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