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Abstract

Due to unique physicochemical properties and wide industrial and biomedical appli-

cations, graphene oxide (GO) is ubiquitous in the aquatic ecosystem. Using Japanese

medaka (Oryzias latipes) fish as a model, we previously demonstrated minimal endo-

crine disrupting (ED) effects of GO on reproductive organs, and thyroids. Current

study investigated the ED-effects of GO on the interrenal gland (IRG) of medaka.

Breeding pairs of adult male and female fish were exposed to 0 mg/L (control) or

20 mg/L GO by continuous immersion for 96 h, or to 0 or 100 μg/g GO by intraperi-

toneal administration. Also, 1 day post-hatch (dph) larvae were exposed to different

concentrations of GO (2.5–20 mg/L) for 96 h. IRG was evaluated by immunohisto-

chemical techniques after 21 days depuration in adults and 6 weeks in larvae. IRG

cells were counted and the nuclear area was measured in hematoxylin–eosin stained

sections using ImageJ software. We found that IRG is distributed adjacent to the pos-

terior cardinal vein and its branches within the head kidney. Columnar/oval shaped

periodic acid-Schiff negative, tyrosine hydroxylase positive cells are arranged either

in a single, or in groups, sometimes encircling a sinusoid, or in a straight chord, laying

adjacent to the endothelium of the cardinal vein, and having eosinophilic cytoplasm

with round/oval basophilic nuclei. GO effect on nuclei and cell population in IRG was

inconsistent; depending on exposure route, sex, and/or age of the fish. Also, because

of its high adsorptive property and sharp edges, GO probably agglomerated on IRG,

and induced physical injury, and ED effects.
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1 | INTRODUCTION

The safety of chemical compounds that are disposed into the environ-

ment has been a concern for last few decades of the 20th century.

Regulatory agencies like US Environmental Protection Agency

(USEPA), Organization of Economic Cooperation and Development

(OECD), and others, were unable to keep track with the rate of new

compounds being released annually into the global environment.1

Many of these compounds are known as endocrine disruptors

(ED) that induced disorders in the structures and functions of the
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endocrine organs either directly or indirectly. For the past several

years, significant efforts have been made by OECD and USEPA to

develop strategies for screening and identifying endocrine disrupting

chemicals (EDCs) using model organisms living in different ecosys-

tems.2 Recently, over 600 compounds have been enlisted in a data-

base as EDCs with reported evidence on humans and rodents.3

However, a vast majority of chemicals have not yet been properly

assessed for their potential impact on the endocrine systems.

In recent years, graphene oxide (GO), an oxidized derivative of

graphene (an allotrope of carbon), due to its unique properties has

been extensively used in industries, and human health.4–10 An esti-

mated 700 tons of graphene are produced per year in the

United States and China alone11 and due to low production cost these

numbers are expected to increase as new technologies emerge. Inevi-

tably, graphene nanomaterials are released into the environment dur-

ing manufacturing, transportation, and public use.12 When released

into the water, graphene materials will interact with a variety of envi-

ronmental (physicochemical as well as biological) factors and possibly

causing significant adverse effects to the environment as well as to

the ecosystem. Recently, the Water Quality Analysis Simulation Pro-

gram 8 (WASP8) has reported a significant accumulation of GO in the

water and sediments of four aquatic ecosystems (a seepage lake, a

coastal plains river, a piedmont river, and an unstratified wetland lake)

of the Southern United States. The study indicated that it will take

37+ years for lakes and 1–4 years for rivers to reduce graphene nano-

material concentration by 50%.9 These studies suggested that carbon-

based nanomaterials have the potential for long-term effects on

aquatic organisms. Many studies also indicated that graphene nano-

materials exhibit several unique modes of interaction with biomole-

cules such as nucleic acids, lipids and fatty acids, protein and peptides,

as well as sugars13 that cause a generation of reactive oxygen species

(ROS) leading to oxidative stress in target cells.14 Therefore, it is nec-

essary to evaluate the toxic potential of GO in all possible ways using

multiple physical, chemical, and biological techniques and models.

Until now, the toxicological studies in GO are very limited, and these

studies are yet to confirm GO as a potential EDC. Moreover, GO has

been found to be a potential thyroid endocrine disruptor in tadpoles

of Xenopus laevis,15 even though contradicted by a recent study.16

Our laboratory has been evaluating GO, as a potential EDC using

Japanese medaka fish (Oryzias latipes), as our experimental

model.17–23 We have demonstrated that the males of medaka fish are

more sensitive to GO than the females. From our histopathological

evaluation of the gonadal structures and thyroid follicles, we found

that the damages observed after GO administration was mainly due

to aggregation/agglomeration of GO on or within the organs rather

than directly acting as an EDC.18,19,22,23 Our other investigation of

GO effect on the sex reversal (SR) of medaka larvae showed no appar-

ent EDC effect.20,21 In the present study, we have extended our

investigations on the histopathology of the IRG of medaka adults and

larvae exposed to different concentrations/doses of GO either by a

single intraperitoneal (IP) injection or by 96 h continuous immersion

(IMR). In fish, the IRG is considered as the adrenomedullary homolog

of the mammalian adrenal gland. Our objective is to evaluate the

potential EDC effects of GO on IRG, a significant member of the

hypothalamus-pituitary-adrenal (HPA) axis in fish. We hypothesize

that GO, due to its high adsorption property and sharp edges, if accu-

mulated/agglomerated or in physical contact with the IRG can induce

structural damage and/or modulate the cell population and hence

affect the hormonal balance through HPA axis and steroidogenic

pathways which may potentially disrupt endocrine-related cellular

functions.

2 | MATERIALS AND METHODS

All the experimental animal protocols (# IBC 08-01-17 and IBC

09-01-17) were approved by the Institutional Animal Care and Use

Committee (IACUC) of the Jackson State University, Jackson, MS.

2.1 | GO preparation

The GO compounds used in the experiment were either synthesized

in the laboratory18,19 or obtained from a commercial source (Sigma-

Aldrich, St. Louis, MO). Before addition to the culture, GO (2 mg/ml or

2000 mg/L, dispersed in water; Sigma-Aldrich, St. Louis, MO) was

diluted to desired concentration (20 mg/L which is equivalent to

20 μg/ml; 100-fold) by embryo rearing medium (ERM; 17 mM NaCl,

0.4 mM KCl, 0.6 mM MgSO4, 0.36 mM CaCl2, pH 7.4) for larvae or in

balanced salt solution (BSS; 17 mM NaCl, 0.4 mM KCl, 0.3 mM

MgSO4, 0.3 mM CaCl2, pH 7.4) for adults. For IP injection, a stock

solution of 2 mg/ml GO, synthesized in the laboratory,18 was made in

nanopure water which is consistent with the concentration of GO

obtained from the commercial source (2 mg/ml). The solution of GO

(both 20 and 2000 mg/L) was sonicated for 5 min (2 s on -1 s off

pulse, 225 w) using a probe sonicator (ultrasonicator LPX 750, Cole

Palmer, Chicago, IL) in ice temperature and further diluted to desired

concentration when necessary (for larvae). The sonicated nanomater-

ial was further checked by transmission electronmicroscope at the

Electron Microscopy Core laboratory at the Jackson State University,

Jackson, MS.18–21

2.2 | Animal maintenance and GO exposure

The maintenance of the adult Japanese medaka fish colony (Orange

red variety, Hd-rR strain) at the Jackson State University, Jackson,

MS, was described previously.18,19 Briefly, the adult fish used as

breeders were maintained in 35 L tanks in 25 L BSS at 25 ± 1 � C with

16 h L: 8 h D light cycle. The media was recirculated through pumps

and filtered through disposable bio and carbon filters. BSS was

refreshed every 2–3 weeks as and when necessary, depending on the

pH (6.5–8.5) and ammonia concentration (1–3 ppm). The fish breed

successfully in this environment and the eggs were generally collected

within 1–3 h after the light turned on. The embryos were reared in

ERM and generally hatched within 10–12 days after post fertilization
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(dph). The development and staging of the experimental fish were

characterized as previously described by Iwamatsu.24

2.3 | Exposure of adult fish to GO

Previously, we have injected GO (25–200 μg/g; single intraperitoneal

injection) to the sexually mature and reproductively active adult

medaka male and female fish and evaluated the reproductive and

developmental effects after 3 weeks (21 days) post-injection.18,19 In

the present study, we have considered only one injected group

(100 μg/g; 7 pairs injected fish) along with the controls for evaluation

of IRG (please see the schematic diagram in Figure 1). Since injection

is not a good method for EDC studies in aquatic animal models, in the

current study, we have exposed the reproductively active adult fish in

GO solution (20 mg/L in BSS; the highest concentration of GO we

used in larval exposure; the concentration of GO for in vitro exposure

was initially based on Mullick-Choudhury et al.,25 by IMR). Before

exposure, both partners (one male and one female) were maintained

for 1 week in 500 ml BSS in the laboratory condition in 1 L glass jars.

The media was changed every day. After 1 week of acclimatization,

when both male and female fish breed successfully (evaluated by

counting the eggs as fertilized and unfertilized eggs), each breeding

pair was immersed in 500 ml of BSS in 1 L glass jars for 96 h contain-

ing either GO (20 mg/L; sonicated as described above) or no GO (con-

trol). The fish were fed during the exposure period. The GO, even

after sonication, when added to the BSS, precipitated at the bottom

of the jars after 3–4 h of treatment. Therefore, the media was

refreshed every day. After 96 h of exposure the fish were transferred

to 500 ml of fresh BSS (no GO) and allowed breeding (same pair), and

maintained 21 days in a GO-free environment with regular feeding

and refreshing of the media. On 21st day the fish were sacrificed and

the trunk was preserved in 4% paraformaldehyde (PFA) in 20 mM

PBS for histological examination of the IRG (adrenal homolog in mam-

mals) as well as gonads (testis and ovary). The fish bred successfully in

all conditions of GO exposure (pre-exposure, exposure, and post-

F IGURE 1 Schematic diagram of the graphene oxide (GO) exposure paradigm to adults and larvae of Japanese medaka fish. Sexually mature,
reproductively active, adult male, and female medaka fish as a breeding pair (one male and one female) were maintained in 500 ml balanced salt
solution (BSS) in a 1 L glass jar in standard laboratory conditions (light cycle 16 h light 8 h dark; 25 ± 1�C. Eggs were collected (both fertilized and
unfertilized) for 7 consecutive days before the exposure to GO either by IP-injection (100 μg/g; single injection) or by immersion (20 mg/g; 96 h
continuous with refreshing of media every 24 h). Food was given to adult fish during the exposure period. Control fish were injected with vehicle
(water) or immersed in 500 ml of BSS. The media was refreshed every day. After GO exposure (either by injection or immersion) the fish were
transferred to 500 ml of fresh BSS (no GO) and allowed breeding (same pair), and maintained 21 days in a GO-free environment with regular
feeding and refreshing of the media. The collections of eggs from individual breeding pairs continued. On 21st day post-treatment (3 weeks
depuration) the fish were sacrificed and the trunk was preserved in 4% paraformaldehyde in 20 mM phosphate buffered saline for histological
examination of the interrenal gland (adrenal homolog in mammals) as well as gonads (testis and ovary). one (1) day post-hatch (dph) medaka fries
were exposed to different concentrations of GO (0, 2.5, 5.0, 10.0, and 20.0 mg/L) continuously for 96 h in 1 ml ERM without any external food.
The media refreshed every 24 h. After treatment the larvae were transferred to 500 ml glass jars in 200 ml BSS(4 larvae) and maintained in the
laboratory with feeding for 6 weeks (42 days) and frequent change of media, depending on the pH and ammonia content. On 47th dph, the larvae
were sacrificed and trunk regions were preserved in 4% PFA in 20 mM PBS and used for IRG and gonads. The tail used for genotyping.
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exposure) and produced viable eggs. No death of the breeding pair

was observed during the exposure/post-exposure period. The histo-

pathology of IR axis of the fish exposed to GO by IMR was also com-

pared with the fish administered GO (100 μg/g) by IP-injection.18,19

The gonad histology was used to confirm the phenotypic sex of the

breeding pairs.

2.4 | Exposure of Larvae

Previously we exposed 1 dph medaka fries (Iwamatsu Stage 40, 1st

fry stage) to different concentrations (2.5, 5, 10, 20 mg/L in ERM) of

GO (Sigma-Aldrich, St. Louis, MO) for 96 h continuously by IMR and

assessed the EDC activities of GO on gonads (testis and ovary) and

thyroids after 6 weeks post-treatment.20–23 In this study, we have

evaluated the IRG of some of these larvae by histological/

histochemical methods. Due to technical problems, we were unable to

track the IRG of all the larvae we used during our previous experi-

ments. Briefly, the experimental fries (1 dph larvae) were kept fasting

(no exogenous food) during the exposure period (control; no GO,

treatments 2.5–20 mg/ml GO; 96 h continuous; 1–5 dph). On 5 dph,

survived fries were transferred to BSS and maintained in 500 ml glass

jars (4 fries/200 ml BSS) in the laboratory (25 ± 1�C; 16 h light and

8 h dark light cycle). The larvae were fed during the depuration period.

The mortality of the cultured fries/larvae was checked every day and

the media changed once a week. The larvae (stages 42–43) were

sacrificed after 42 days (47 dph) post-treatment (Please see the sche-

matic diagram in Figure 1). The preserved trunk tissues in 4% PFA in

20 mM PBS that contain kidney were used for histological evaluation

of the IR axis of medaka; the DNA extracted from post anal tail were

used for genotype (XY/XX).20,21 The phenotypic sex (testis and ovary)

of the larvae was determined by gonad histology.20,21

2.5 | Phenotype and genotype determination of
the adult and larvae

The phenotypic sex of an adult fish was based externally on the fin

features (papillae of anal fin, furrow in dorsal fin and the shape of the

fish) and internally by the histological evaluation of testis (male) or

ovary (female). The phenotype and genotype of the larvae was deter-

mined by the methods described previously.20,21 Due to sex-reversal

observed in some of the phenotypes (male phenotype with XX geno-

type), the larvae were then categorized in to three groups; male (tes-

tis) phenotypes with XY genotype, male (testis) phenotypes with XX

genotype (sex reversed), and female (ovary) phenotypes with XX

genotype. We did not observe any female (ovary) phenotype with XY

genotype. During data analysis, due to limited number of sex-reversed

larvae, the XX genotypes having phenotypic testis (sex-reversed) were

included as male larvae (testis) in phenotypic analysis and as XX larvae

in genotypic analysis. The adults were categorized either as males or

females based on their phenotypic features (externally by fin features

and internally by gonad histology).

2.6 | Histology and histochemistry of interrenal
gland

The trunk region of the medaka fixed in 4% PFA containing 20 mM

PBS for 48 h (changed once after 24 h), was washed thoroughly in

water. The washed tissues were dehydrated in graded alcohols,

cleared in xylene and embedded in paraffin (58–60�C) and the serial

sections at 5 μm thickness were cut in a manual rotary microtome

(Olympus cut 4055). For light microscopic studies, cell sorting and

nuclear area, the sections were used for hematoxylin and eosin

(HE) staining; periodic acid-Schiff (PAS; Sigma-Aldrich, St. Louis, MO)

technique was used for histochemical properties. For tyrosine hydrox-

ylase (TH), the rate limiting enzyme of catecholamine synthesis that

expressed in the adrenal medulla,26 we have used immunohistochemi-

cal techniques using rabbit polyclonal anti-TH antibody (Sigma-

Aldrich, St. Louis, MO) as primary antibody (please see below). The

photomicrographs of the stained sections were taken in an Olympus

CKX53 inverted microscope attached with a DP22 camera with Cell-

Sens software (Huntoptics &Imaging, Pittsburg, PA). The images cap-

tured in different regions of the IRG by HE staining were used for

counting the cells and a particular area of the IRG was determined by

ImageJ software (http://www.imagej.nih.gov/ij) For quantitative anal-

ysis of the structural impairments made on the IRG of medaka, the

data were expressed as number of cells/mm2 area of the IRG.

Although the IRG of medaka consists of both interrenal cells and chro-

maffin cells,27 based on the straining intensity of the nuclei, in the pre-

sent study, we have further categorized the counted HE stained IRG

cells as the cells with deep-stained nuclei (DSN) and the cells with

pale-stained (PSN) nuclei (please see the supportive information

Figures 1A and S1a,b) instead of interrenal cells and chromaffin cells

as described by Oguri.27 The data were expressed as number of cells

(either DSN or PSN)/mm2 area of the IRG. The area that contain DSN

and/or PSN cells in a particular region of IRG were determined by

ImageJ software during total cell (DSN + PSN) count. Moreover, the

nuclear area of DSN or PSN cells was also determined by ImageJ

software.

2.7 | Tyrosine hydroxylase immunohistochemistry

For specific location of the IRG in the head kidney of medaka, we

have used immunohistochemical technique for the detection of TH,

the rate-limiting enzyme in catecholamine biosynthesis that expressed

in the chromaffin cells of IRG using the method described by Shin

et al.,28 with some modifications. Briefly, tissue sections (5 μm thick-

ness) on glass slides containing kidney with IRG were deparaffinized

and brought to tap water. A 40 min antigen masking (antigen

retrieval) was done in citrate buffer (pH 6.0) at 85–90�C. After wash-

ing in 0.1 M phosphate buffered saline- tween 20 (PBST), for blocking

the endogenous peroxidases and alkaline phosphatases, the sections

were treated with bloxall (Vector laboratories, Burlingame, CA) for

10 min at room temperature. After a brief wash with PBST, before the

application of primary antibody, the sections were incubated with 3%
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normal goat serum (Vector laboratories, Burlingame, CA) in PBST for

1 h at room temperature. Then the sections were incubated with pri-

mary antibody (polyclonal rabbit-derived anti-TH with a final dilution

of 1:200 in 3% goat serum in PBST; Sigma-Aldrich, St. Louis, MO)

overnight at 4�C. Parallel control sections on glass slides were incu-

bated in identical condition in 3% goat serum-PBST without primary

antibody. Sections were washed several times in PBST and incubated

for 1 h at room temperature with biotinylated goat antirabbit second-

ary antibody (Vector laboratories, Burlingame, CA) diluted (1:200 for

adults and 1: 300 for larvae) in PBS with 3% goat serum. Sections

were washed again in PBS and incubated for 1 h at room temperature

with avidin-biotin complex in PBS as recommended by the manufac-

turer (Vector laboratory, Burlingame, CA). The sections were washed

several times in PBS and incubated for 1 h at room temperature with

vectastain elite ABC reagent (Vector laboratory, Burlingame, CA). Sec-

tions were washed several times in PBS and incubated in room tem-

perature for 5–10 min with freshly prepared peroxidase substrate

(vector DAB) as recommended by the manufacturer (Vector laborato-

ries, Burlingame, CA). After incubation the sections were washed in

tap water and counter stained with hematoxylin, dehydrated in alco-

hol, cleared in xylene and mounted in permount (Fisher scientific;

St. Louis, MO). The sections were evaluated and photographed under

microscope. Antibody positive cells were deep-brown in color, even

though some background color could still exist in renal tubules, espe-

cially in larvae.

2.8 | Statistical analysis

Data were analyzed using GraphPad prism version 7.04 (GraphPad Prism,

San Diego, CA). We used descriptive analysis to evaluate nuclear area

(μm2) of IRG cells, and the distribution (number/mm2) of these two cell

types either alone (DSN and PSN) or total cells (DSN + PSN) at the IRG

of Japanese medaka adults and larvae (47 dph) after HE staining. We

used D'Agostino-Pearson (DP) or Shapiro-Wilks (SK) test to determine

the normality of the data. If the data were normally distributed and meet

the percepts of using a parametric test, we used one-way ANOVA fol-

lowed by unpaired parametric “t” test including Welch's correction as a

post hoc test. The statistical significance was defined as p < .05. If the

normality test indicated that the data did not meet the criteria of using a

parametric test, we performed the Kruskal-Wallis test followed by Mann-

Whitney's test (nonparametric test) as a post hoc test and the level of sig-

nificance adopted as p < .05. All the numerical data were expressed as

mean ± SEM.

3 | RESULTS

3.1 | Evaluation of the IRG of medaka adults after
GO exposure

The IRG in Japanese medaka is located in the head/cephalic kidney

which is visible anterior to the swim bladder and in the anterio-dorsal

part of the abdominal cavity. In adult medaka, the kidney can easily be

divided into cranial (cephalic) and caudal (tail) region with a short trunk

between the two. The organ (kidney) is covered by a capsule of dense

fibrous connective tissue. The parenchyma is composed of renal units

(glomerulus and tubules), IRG consisting interrenal (steroidogenic) and

chromaffin (catecholamine synthesizing) cells, and lymphoid and

hematopoietic units consisting melanomacrophase centers (MMC)

and melanomacrophages and lymphocytes. The IRG is closely associ-

ated with the posterior cardinal vein and its branches within the kid-

ney.27 The trunk or tail kidney does not have any steroidogenic or

chromaffin tissues, however, the renal units and the lymphoid tissues,

MMC, and Stannius corpuscles (SC) are present either in the whole

region or only in tail (SC) kidney.

Our light microscopic observation of HE stained sections of

Japanese medaka adults indicated that the cells of IRG were arranged

either in a single, or in groups (clumps), or in a straight cord, adjacent

to the endothelium of the cardinal vein within in the cephalic kidney

(Figures 2A–D and 3A–D; also please see the supporting information

Figures S1a,b). Since the structural appearance of the IRG was a result

of the plane of the section, in some occasions, this arrangement seems

to be missing. The cords are more or less straight, 2–3 cells thick,27

bordered by the lining endothelium of the adjacent sinusoids which

sometimes contain variety of blood/immune cells. The shapes of the

IR axis cells, depending on the plane of sections, appeared as colum-

nar or oval, and were in contact with the hematopoietic tissue or sep-

arated from it by the sinusoids, where no connective tissue capsule

could be observed. These cells have eosinophilic cytoplasm with

round or oval basophilic nuclei and distinct nucleoli. Histochemically,

the IRG cells were found to be negative for PAS (Figure 3), though the

cilia of the proximal tubular cells in the kidney and the melanomacro-

phages in the immune units are PAS positive (Figure 4). The immuno-

histochemical observation indicated that TH (the rate-limiting enzyme

of catecholamine synthesis) immunoreative cells are present in IRG of

medaka (Figure 5; also please see Figures S4–S7). Depending on the

HE staining intensity of the nucleus, we have further classified the IR

axis cells into DSN and PSN cells (please see Figure S1a,b).

The histological (Figures 2 and 3), histochemical (Figure 4) and

immunohistochemical (Figure 5) evaluations of the IRG of adult fish

exposed to GO either by IMR (20 mg/L; 96 h continuous;

Figure 2E–H) or by IP (100 μg/g; Figure 3E–H) were done after

3 weeks of depuration in a GO-free environment. We have observed

that the differences in morphological features of the IRG of both male

(Figure 2E,F) and female fish (Figure 2G,H) immersed in GO (20 mg/L)

solution were found to be very minimum, most likely identical with

the control (no GO) male (Figure 2A,B) and female fish (Figure 2C,D).

However, the IP fish exposed to GO (100 μg/g) showed inconsistent

structural derangement in several regions of the IRG (Figures 3E–H;

S2a,b). The cord of the IRG in the affected regions became swelled

and the shape of the cord appeared to become dumbbell with cellular

deformities compared to controls (Figures S2a,b). Histochemical eval-

uation by PAS did not show any apparent change, however, in a few

cases the fish exposed to GO, the cytoplasm of the IRG cells became

pink (Figure 4C). Moreover, in a few occasions, the PAS positive
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F IGURE 2 Histology of the interrenal gland (IRG) (adrenal homolog) of the adult Japanese medaka exposed to graphene oxide (GO) by immersion
(IMR). Sexually mature and reproductively active adult male) and female medaka as breeding pairs were exposed to GO (20 mg/L in balanced salt
solution [BSS]) by IMR continuously for 96 h and then maintained only in BSS (no GO) for 21 days in a GO-free environment. Control fish
(Figures 2A–D) were maintained in identical condition with no GO. IRG (black arrows) was observed adjacent to the posterior cardinal vein passing
through the head kidney. Representative figures are presented as: Figure 2A, IRG of control male fish; 2B, magnified region of the IRG of male fish
square marked in Figure 2A; Figure 2C, IRG of control female fish; Figure 2D, magnified region of the IRG of female fish square marked in Figure 2C;
Figure 2E, IRG of male fish exposed to GO; Figure 2F, magnified region of the IRG of male fish square marked in Figure 2E; Figure 2G, IRG of female
fish exposed to GO; Figure 2H, magnified region of the IRG of female fish square marked in Figure 2G; CV, cardinal vein; black arrow, IRG; blue triangle:
renal tubule (renal unit of the kidney); red circle: interstitial cells (lymphoid and hematopoietic units of the kidney).
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melanomacrophage/MMC components (due to lipofuscin) are also

seen in the IRG exposed to GO either by IMR (Figure 4D) or by IP

(Figure 4G) (also please see, Figures S3a,b). Immunohistochemical

studies indicated that despite structural impairments of the IRG by

GO exposure, TH immunoreactive cells are present in the IRG of

medaka and seems to have identical TH immunoreactivity as observed

in control fish (Figures 5A–H; also see the Figures S4–S7).

3.2 | Distribution of IRG cells of Japanese medaka
adults exposed to GO either by IMR or by IP-injection

For quantitative assessment of the structural impairments induced by

GO, we have counted cells in different regions of the IRG of Japanese

medaka irrespective of the nuclear staining intensity (DSN + PSN)

and expressed as number of cells/mm2 area of IRG (Figure 6). The

average number of cells we were able to count in control (no GO)

male fish immersed in BSS (no injection) is 30 033 ± 2558/mm2

(n = 10 regions of IRG used for cell count) and for control female fish

is 22 688 ± 1029/mm2 (n = 25). For IP control (vehicle injected) male

fish the number of IRG cells is 26 784 ± 904/mm2 (n = 16) and for IP

control female fish the numbers is 24 622 ± 904/mm2 (n = 12)

(Figure 6A). Further, we have divided these IRG cells as DSN and PSN

and observed that the ratio of DSN/PSN cells in an IRG was inconsis-

tently variable, even though the number of PSN cells in most of the

cases remained higher than DSN cells (Figure 6B,C). Furthermore, for

consideration of cellular functions, we have also evaluated the nuclear

area of DSN and PSN cells in these experimental fish. Considering the

route of exposure (IMR vs. IP- injection), and the sex of the experi-

mental animals (male vs. female), in the adult fish, we have focused on

the cell number (/mm2) and the nuclear area (μm2) of the experimental

fish as the indicators of the structural impairments induced by GO in

the IRG of Japanese medaka (Figure 6A–E).

Our data indicated that the experimental male and female fish

exposed to GO (20 mg/L) by IMR were unable to document any sig-

nificant differences (not significant; NS) in the number of IRG cells

with the corresponding control males or females (control male vs. GO

males; IMR; p = NS; control female vs. GO female; IMR; p = NS);

however, in both male and female fish, when GO was injected IP

(100 μg/g), the cell number (/mm2) showed significant reduction in

IRG cells, when compared with the corresponding controls (control

male vs. GO male, IP, p < .05; control female vs. GO female, IP;

p < .05) (Figure 6A). Moreover, our data indicated a gender-specific

difference in IRG cell number between male and female fish (males

have significantly higher number of cells) immersed only in BSS (con-

trol male vs control female, IMR, p < .05), while such difference was

absent between male and female fish immersed in GO (GO male

vs. GO female, IMR, p = NS). In contrast to IMR, the number of cells

in IRG were found to be identical between the male and female fish

injected either with the vehicle or with the GO (vehicle control male

vs. vehicle control female, IP, p = NS; GO male vs. GO female, IP,

p = NS) (Figure 6A). When the data were compared between the

routes of exposure (IMR vs. IP), only the male fish IP-injected with GO

(100 μg/g) showed significant decrease in the number of IRG cells

compared to male fish exposed to GO by IMR (GO male IMR vs. GO

male IP, p < .05) (Figure 6A).

When the HE stained IRG cells are considered separately as DSN

and PSN (Figure 6B,C), it appears that both in IMR (20 mg/L, GO) and

IP (100 μg/g, GO) fish, only male fish showed significant reduction in

DSN cell number compared to corresponding controls (control male

vs. GO male, IMR, p < .05; control male vs. GO male, IP, p < .05); in

females, GO was found to remain ineffective (control female vs. GO

female, IMR, p = NS; control female vs. GO female, IP, p = NS)

(Figure 4B). Moreover, gender-specific difference in DSN cell number

between males and females of both IMR and IP fish was observed

only in control fish (no GO) (control male vs. control female, IMR,

p < .05; control male vs. control female, IP, p < .05) and not in fish

either immersed (20 mg/L) or IP-injected (100 μg/g) with GO

(GO male vs. GO female IMR, p = NS; GO male vs. GO female, IP,

p = NS). When the data were compared between the routes of expo-

sure (IMR vs. IP), only the vehicle-injected female control fish (no GO)

showed significant decrease in the number of DSN cells compared to

male fish immersed only in BSS (control female IMR vs. control female

IP, p < .05) (Figure 6B).

In PSN cells, the number in both male and female fish immersed

in GO (20 mg/L, IMR), compared to corresponding controls, found to

be at the same level (control male vs. GO male, IMR; p = NS; control

female vs. GO female, IMR; p = NS) (Figure 6C). Moreover, no

gender-specific significant differences between males and females

was observed in IMR fish immersed only in BSS (no GO) (control male

vs. control female, IMR, p = NS); while significant reduction in PSN

cell number was observed in females than males when the fish were

immersed in GO (20 m/L) (GO male vs. GO female, IMR; p < .05). In IP

fish, compared to corresponding controls, administration of GO

(100 μg/g, IP) was able to significantly reduce PSN cell number in

females (control females vs. GO females, IP, p < .05) and remained

unaltered in males (control male vs. GO male, IP, p = NS) (Figure 6C).

Moreover, the number of PSN cells in control (vehicle-injected)

females was found to be significantly higher than that of the control

males (vehicle control male vs. vehicle control female, IP, p < .05);

though this gender-specific difference was absent in fish injected with

GO (100 μg/g, IP) (GO male vs. GO female, IP, p = NS).

Using ImageJ software, we were also able to measure the nuclear

areas (μm2) of DSN (Figure 6D) and PSN (Figure 6E) cells of the IMR

and IP fish exposed to GO and compared the data with corresponding

controls (no GO). The average nuclear areas of DSN and PSN cells of

IMR males are 7.246 ± 0.256 μm2 (n = 36) and 6.993 ± 0.195 μm2

(n = 59), respectively. However, for IP males the average nuclear

areas of DSN and PSN cells are 8.695 ± 0.259 μm2 (n = 54) and

8.683 ± 0.215 μm2 (n = 75), respectively. For IMR females, the

nuclear areas of DSN and PSN cells are 8.718 ± 0.918 μm2 (n = 76)

and 8.651 ± 0.171 μm2 (n = 135), respectively. For IP females, the

nuclear area of DSN and PSN cells are 8.803 ± 0.25 μm2 (n = 67) and

8.046 ± 0.166 μm2 (n = 117), respectively.

Our studies indicate that the DSN cells in male fish immersed in

GO (20 mg/L, IMR) or IP-injected (100 μg/g, IP), have significantly
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F IGURE 3 Histology of the interrenal gland (IRG) (adrenal homolog) of the adult Japanese medaka exposed to graphene oxide (GO) by IP-injection.
Sexually mature and reproductively active adult male and female medaka as breeding pairs were exposed to GO (100 μg/g) by a single IP-injection.
Control fish were vehicle-injected with nanopure water. Fish were maintained in BSS for 21 days post-injection in the laboratory condition. IRG was
(black arrows) observed adjacent to the posterior cardinal vein (CV) passing through the head kidney. Representative figures are presented as: Figure 3A,
IRG of control male fish; Figure 3B, magnified region of the IRG of male fish square marked in Figure 3A; Figure 3C, IRG of control female fish; Figure 3D,
magnified region of the IRG of female fish square marked in Figure 3C; Figure 3E, IRG of male fish exposed to GO; Figure 3F, magnified region of the IRG
of male fish square marked in Figure 3E; Figure 3G, IRG of female fish exposed to GO; Figure 3H, magnified region of the IRG of female fish square
marked in Figure 3G; black arrow, IRG; blue triangle: renal tubule (renal unit of the kidney): red circle: interstitial cells (immune unit of the kidney).
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F IGURE 4 Representative photomicrographs of histochemical evaluation of the interrenal gland (IRG) of medaka adults. Histochemical
studies were conducted by periodic acid-Schiff reactions (PAS). Sexually mature and reproductively active adult male (Figure 4A, C, E, and G) and
female (Figure 4B, D, G, and H) medaka as breeding pairs were exposed to graphene oxide (GO) either by immersion (20 mg/L) (Figure 4C,D) or
by a single IP- injection (100 μg/g) (Figure 4G,H). Parallel controls were either immersed in balanced salt solution (Figure 4A,C) or vehicle-injected
(Figure 4E,F) with no GO. PAS reactivity of the IRG cells was evaluated after 21 days post-treatment. The cells (IRG cells; marked by black arrows)
are PAS negative, however, in a few cases, the cytoplasm appears to pink-red (Figure 4C). PAS positive regions in the renal units of kidneys are
cilia of proximal tubules; however in immune units, the melanomacrophages due to lipofuscin are PAS positive (appears red within open red
circles). In a few cases, PAS positive melanomacrophages are found to be associated with the IRG (Figure 4D,G). CV, cardinal vein; black arrow,
IRG; blue triangle: renal tubule (renal unit of the kidney); filled red circle: interstitial cells (immune unit of the kidney).
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higher nuclear areas (hypertrophy) than the corresponding control

males (control male vs. GO male, IMR, p < .05; control male vs. GO

male, IP, p < .05); however, in females, significant hypertrophy was

observed only in fish immersed in GO (20 mg/L, IMR), and remained

unaltered in fish administered GO (100 μg/g, IP) (control female

vs. GO females, IMR, p < .05; vehicle control female vs. GO females,

IP, p = NS) (Figure 4D). Moreover, compared to males, gender-specific

nuclear hypertrophy was observed in DSN cells of females, immersed

only in BSS, however, such hypertrophy (gender-specific) was absent

between male and female fish when immersed in GO (control male

vs. control females, IMR, p < .05; GO male vs. GO female, IMR,

p = NS). In contrast to IMR, gender-specific hypertrophy of the

nuclear area of DSN cells was observed in female fish injected-IP with

GO (100 μg/g, IP) (GO male vs. GO female, IP, p < .05), absent in fish

injected with vehicle only (control) (vehicle control male vs. vehicle

control female, IP, p = NS) (Figure 6D). When the data were

CV
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F IGURE 5 Immunohistochemical localization of the tyrosine hydroxylase enzyme on of the interrenal gland (IRG) (adrenal homolog) of the
adult Japanese medaka exposed to graphene oxide (GO). Representative figures are presented as: Figure 5A, immunostaining of the IRG of
control immersion (IMR) male fish without primary antibody; Figure 5B, immunostaining of the IRG of the same control IMR male fish (Figure 5A)
with primary antibody; Figure 5C, immunostaining of the IRG of male fish exposed to GO (20 mg/L) by IMR without primary antibody; Figure 5D:
immunostaining of the IRG of the same male fish (Figure 5C) exposed to GO (20 mg/L) by IMR with primary antibody; Figure 5E, immunostaining
of the IRG of control IMR female fish without primary antibody; Figure 5F, immunostaining of the IRG of control IMR same female fish (Figure 5E)
with primary antibody; Figure 5G, immunostaining of the IRG of female fish exposed to GO (20 mg/L) by IMR without primary antibody;

Figure 5H, immunostaining of the IRG of the same female fish (Figure 5G) exposed to GO (20 mg/L) by IMR with primary antibody; Figure 5I,
immunostaining of the IRG of control IP male fish without primary antibody; Figure 5J, immunostaining of the IRG of the same control IP male
fish (Figure 5I) with primary antibody; Figure 5K, immunostaining of the IRG of GO- injected (100 μg/g) male fish without primary antibody;
Figure 5L, immunostaining of the IRG of GO- injected (100 μg/g) same male fish (Figure 5K) with primary antibody; Figure 5M, immunostaining of
the IRG of IP-injected control female fish without primary antibody; Figure 5N, immunostaining of the IRG of GO- injected (100 μg/g) same male
fish (Figure 5M) with primary antibody; Figure 5O, immunostaining of the IRG of female fish exposed to GO (100 μg/g) by IP without primary
antibody; Figure 5P, immunostaining of the IRG of the same female fish (Figure 5O) exposed to GO (100 μg/g) by IP with primary antibody; CV,
cardinal vein; black arrow, IRG.
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F IGURE 6 Distribution of interrenal gland (IRG) (adrenal homolog) cells and the nuclear area of IRG cells in Japanese medaka adults after graphene
oxide (GO) exposure. Reproductively active adult male and female Japanese medaka as breeding pairs were exposed to GO either by immersion (IMR) at
the concentration of 20 mg/L continuously for 96 h in balanced salt solution or by intraperitoneal injection (IP) at the dose of 100 μg/g. Controls in IMR
experiment were maintained in BSS only and for IP experiments were vehicle-injected (nanopure water) and maintained in BSS. The fish, after GO
treatment were maintained in a GO-free environment in the laboratory for 21 days and sacrificed for histological evaluation of the IRG cells stained in
HE. Each bar represents the mean ± SEM. The bar heads with asterisks (*) represent significant difference between control males (IMR or IP) with the
corresponding males exposed to GO either by IMR or IP, respectively. Pound symbol (#) indicate significant difference between control IMR or IP females
with corresponding IMR (20 mg/L) or IP (100 μg/g) females exposed to GO. Dollar symbol ($) indicate significant difference between the male and female
fish exposed as controls or treated with GO by IMR. Symbol “&” indicate significant difference between the male and female fish exposed to GO by
IP. Greek letter “Ψ” indicate significant different between the route of exposures of fish (either male or female) exposed to GO or control by IMR and
IP. IMR, the experimental fish immersed in BSS either as control or with 20 mg/L GO. IP, the experimental fish intraperitoneally-injected either vehicle
(control) or GO (100 μg/g) and maintained in BSS.
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compared between the routes of exposure (IMR vs. IP), the vehicle-

injected IP control male fish showed significant hypertrophy in the

nuclear area of DSN cells compared to male fish immersed only in

BSS (control male IMR vs. control male IP, p < .05); moreover, the

male fish IP-injected with GO (100 μg/g) also showed significant

nuclear hypertrophy in DSN cells than the male fish immersed in GO

(20 mg/L) (GO male IMR vs. GO male IP, p < .05) (Figure 6D). In con-

trast to males, females either as control or exposed to GO by IMR and

IP, did not show any significant difference in the nuclear area of DSN

cells (GO female IMR vs. GO female IP, p = NS; GO female IMR

vs. GO female IP, p = NS) (Figure 6D). In PSN cells, like DSN, the

nuclear area in both male and female fish exposed to GO either by

IMR (20 mg/L) or through IP-administration (100 μg/g, IP), induced

significant nuclear hypertrophy compared to the corresponding con-

trol male and female fish (either immersed in BSS or vehicle-injected)

(control male vs. GO male, IMR, p < .05; control female vs. GO female,

IMR, p < .05; vehicle control male vs. GO male, IP, p < .05; vehicle

control female vs. GO female, IP, p < .05) (Figure 6E). Moreover,

gender-specific nuclear hypertrophy was also observed in PSN cells of

females immersed only in BSS (control male vs. control female, IMR,

p < .05), not in fish exposed to GO (20 mg/L, IMR) (GO male vs. GO

female, IMR, p = NS). However, in IP fish, nuclear hypotrophy in

females was observed in both vehicle-injected (control) as well as in

GO-injected fish (100 μg/g, IP) (vehicle control male vs. vehicle con-

trol female, IP, p < .05; GO male vs. GO female, IP, p < .05)

(Figure 6E). When the data were compared between the routes of

exposure (IMR vs. IP), the vehicle-injected IP control male or female

fish showed a significant nuclear hypertrophy in PSN cells compared

to male or female fish immersed only in BSS (control male IMR

vs. control male IP, p < .05; control female IMR vs. control female IP,

p < .05); moreover, the male fish IP-injected with GO (100 μg/g) also

showed a significant nuclear hypertrophy in PSN cells than the male

fish immersed in GO (20 mg/L) (GO male IMR vs. GO male IP, p < .05)

(Figure 6E). In contrast to males, females exposed to GO by IMR, did

not show any significant differences in the nuclear area of PSN cells

of females injected-IP with GO (GO female IMR vs. GO female IP,

p = NS) (Figure 6E).

3.3 | Effect of GO exposure on larvae

The morphological observations of the IRG of the Japanese medaka

larvae (male and female phenotypes as well as XY and XX genotypes)

on 47th dph by light microscopy after HE (Figure 7) or PAS (Figure 8)

and immunostaining (Figure 9) appear to be identical with the features

we have observed in adult male or female medaka (Figures 2–5). In

brief, the cells were arranged either as a single, or in groups, with

occasional encircling a sinusoid, or as a straight cord, near the endo-

thelium of the cardinal vein passing through the cephalic kidney

(Figure 7). The shape of the cells appeared to be columnar or oval, and

were in contact either with the hematopoietic tissue or separated

from it by the sinusoids. Histochemically, the IR axis cells, were found

to be negative for PAS (Figure 8). Moreover, immunohistochemical

studies also indicated that the IRG of medaka larvae possess TH-

immunoreactive cells as observed in adults (Figure 9).

Furthermore, the histological (Figure 7), histochemical (Figure 8),

and immunohistochemical evaluation (Figure 9) of the of the IRG of

the Japanese medaka larvae exposed to different concentrations of

GO by IMR (2.5–20 mg/L; 96 h continuous; Figures 7–9) were done

after 6 weeks of depuration in a GO-free environment. We have

observed that the morphological features of the IRG of the larvae of

both male (testis) (Figure 7B,D) and female (ovary) phenotypes

(Figure 7F) or male (XY) (Figure 7B) and female (XX) genotypes

(Figure 7D,F), exposed to GO (20 mg/L), were found to be almost

identical with the corresponding control male (testis) (Figure 7A,C)

and female (ovary) phenotypes (Figure 7E) or male (XY) (Figure 7A)

and female (XX) genotypes (Figure 7C,E). Histochemical (PAS) and

immunohistochemical (TH) evaluation did not show any apparent

effect of GO on the IRG cells in the male (Figures 8B,F and 9C–H) or

female phenotypes (Figures 8D,E and 9A,B) as well as in male

(XY) (Figure 8B and 9C–F) and female (XX) genotypes (Figures 8D–F

and 9A,B,G,H), however, the cilia of proximal tubules (renal units) and

the melanomacphage in the lymphyomyleoid regions of the kidney

were found to be PAS positive (Figure 8).

3.4 | Distribution of IRG cells of Japanese medaka
larvae exposed to GO by IMR

Like adults, we have counted the IRG cells in different regions of the

IRG of Japanese medaka larvae irrespective of the nuclear staining

intensity (DSN + PSN) and expressed as number of cells/mm2 area of

IRG (Figure 10). The average number of IRG cells in medaka larvae,

we were able to count in controls having male genotypes (XY) are

41 305 ± 1654 cells/mm2 (n = 20) and 29 498 ± 2562 cells/mm2

(n = 17) for female genotypes (XX). Similarly, in control male (testis)

and female (ovary) phenotypes the number is 38555 ± 1949/mm2

(n = 25) and 30 294 ± 3106 cells/mm2 (n = 12), respectively. In both

cases (genotypes and phenotypes), the data (XY vs. XX and testis

vs. ovary) are significantly different and the males either as genotypes

(XY) or phenotypes (testis) have significantly higher number of cells/

mm2 than the corresponding female genotypes (XX) or phenotypes

(ovary) (p < .05) (Figure 10A,B).

Our data indicated that the IRG cells in the larvae of males geno-

types (XY) showed significant reduction in 2.5 and 20.0 mg/L group

when compared with controls, however, other groups (5 and

10.0 mg/L) did not show any significant effects (Figure 10A).

Intergroup comparisons between different GO-exposed larvae

(2.5–20 mg/L) indicated significantly higher number of IRG cells in 5–

20 mg/L groups than only with 2.5 mg/L group. In female genotypes

(XX), the larvae exposed to different concentrations of GO (2.5–

20.0 mg/L) did not show any significant difference in IRG cell numbers

when compared with controls (no GO). Moreover, intergroup compar-

ison within the larvae exposed to different GO groups did not show

any significant concentration-dependent effects. However, like con-

trols (no GO), sex-specific differences between genotypic males
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(XY) and females (XX) were observed in some of the larvae exposed to

equal concentrations GO (Figure 10A). Larvae with female genotypes

(XX) exposed to 2.5 mg/L GO have significantly higher number of IRG

cells than males (XY) exposed to 2.5 mg/L, while the larvae (female

XX) exposed to 5.0 mg/L have significantly reduced number of cells

than males (XY) exposed to identical GO concentrations (5.0 mg/L). In

other test concentrations (10–20 mg/L), GO did not show any

significant sex-specific effects between the male (XY) and female

(XX) genotypes (Figure 10A).

In contrast to genotypes, male phenotypes (testis) exposed to dif-

ferent concentrations of GO (2.5–20 mg/L) showed significant reduc-

tion in IRG cell number (/mm2) only in 2.5 and 5.0 mg/L groups than

controls (Figure 10B); moreover, other groups (5–20 mg/L) did not

show any significant difference in IRG cell number with controls.
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F IGURE 7 Effect of graphene oxide (GO) exposure on the histology of the interrenal gland (IRG) (adrenal homolog) of Japanese medaka
larvae. 1 day post-hatch Japanese medaka larvae were exposed to GO (2.5–20 mg/L) in embryo rearing medium continuously for 96 h and then
maintained in balanced salt solution (no GO) for 6 weeks. Control larvae were maintained in identical condition with no GO. IRG are (black
arrows) observed adjacent to the posterior cardinal vein (CV) passing through the head kidney. Representative HE figures (control and 20 mg/L
GO) are presented as: Figure 7A, IRG of control male phenotype (testis) and male genotype (XY); Figure 7B, IRG of male phenotype (testis) and
male genotype (XY) exposed to 20 mg/L GO; Figure 7C, IRG of control male phenotype (testis) and female genotype (XX); Figure 7D, IRG of male
phenotype (testis) and female genotype (XX) exposed to 20 mg/L GO; Figure 7E, IRG of control female phenotype (ovary) and female genotypes
(XX); Figure 7F, IRG of female phenotype (ovary) and female genotype (XX) exposed to 20 mg/L GO. CV, cardinal vein; black arrow, IRG; blue
triangle: renal tubule (renal unit of the kidney); red circle: interstitial cells (lymphoid and hematopoietic units of the kidney).
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When comparisons were made between different concentrations of

GO, only 2.5 and 5.0 mg/L groups showed significantly reduced num-

ber of cells compared to the 10 and 20 mg/L groups (Figure 10B). In

female phenotypes (ovary), like genotypes (XX), no significant effect

on IRG cell numbers was observed in any of the GO exposed groups

(2.5–20 mg/L) when compared with the corresponding controls or

within the different GO concentrations groups (Figure 10B). However,

in contrast to controls (no GO), female phenotypes (ovary) exposed to

2.5 mg/L GO, showed significantly higher number of IRG cells than

male phenotypes (testis) exposed to equivalent GO concentration

(2.5 mg/L), while other larvae exposed to higher concentrations of GO

(5–20 mg/L) were unable to establish significant sex-specific
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F IGURE 8 Representative photomicrographs of histochemical evaluation of the interrenal gland (IRG) of medaka larvae. 1 day post-hatch
Japanese medaka larvae were exposed to graphene oxide (GO) (2.5–20 mg/L) in embryo rearing medium continuously for 96 h and then
maintained in balanced salt solution (no GO) for 6 weeks. Control larvae were maintained in identical condition with no GO. Histochemical
studies were conducted by periodic acid-Schiff (PAS) reactions. PAS reactivity of the IRG cells was evaluated after 6-weeks post-treatment. The
cells (IRG cells; marked by black arrows) are PAS negative. PAS positive regions in the renal units of kidneys are cilia of proximal tubules; however
in immune units, the melanomacrophages due to lipofuscin are PAS positive. CV, cardinal vein; black arrow, IRG; blue triangle: renal tubule (renal
unit of the kidney); red circle: interstitial cells (lymphoid and hematopoietic units of the kidney) Figure 8A, control male phenotype (testis) and
male genotype (XY); Figure 8B, male phenotype (testis) and male genotype (XY) exposed to 20 mg/L GO; Figure 8C, control female phenotype
(ovary) and female genotype (XX); 8D, female phenotype (ovary) and female genotype (XX) exposed to 20 mg/L GO; Figure 8E, female phenotype
(ovary) and female genotype (XX) larva exposed to 2.5 mg/L GO; Figure 8F, Male phenotype (testis) and female genotype (XX) larva exposed to
20 mg/L GO.
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F IGURE 9 Immunohistochemical localization of the Tyrosine hydroxylase enzyme on of the interrenal gland (IRG) (adrenal homolog) of the
Japanese medaka larvae exposed to graphene oxide (GO) by immersion. Representative figures are presented as: Figure 9A, Immunostaining of
the IRG of control female larvae (phenotypic ovary with XX genotype) without primary antibody; Figure 9B, Immunostaining of the IRG of same
larva (Figure 9A) with primary antibody. Although we are unable to avoid background reaction on renal tubules, the IRG adjacent to cardinal vein
are negative in Figure 9A and positive in Figure 9B (marked by red arrows); Figure 9C, Immunostaining of the IRG of a male (testis with XY
genotype) larvae exposed 20 mg/L GO during first fry stage without primary antibody; Figure 9D, Immunostaining of the IRG of the same male
(Figure 9C) larvae exposed 20 mg/L GO during first fry stage with primary antibody; Figure 9E, Immunostaining of the IRG of a male (testis with
XY genotype) larva exposed to 10 mg/L GO during first fry stage without primary antibody; Figure 9F, Immunostaining of the IRG of the same
male (Figure 9E) larva exposed to 10 mg/L GO during first fry stage with primary antibody; Figure 9G, Immunostaining of the IRG of a male (testis
with XX genotype) larvae exposed to 5.0 mg/L GO during first fry stage without primary antibody; Figure 9H, Immunostaining of the IRG of the
same male (Figure 9G) larvae exposed to 5.0 mg/L GO during first fry stage with primary antibody. CV, cardinal vein; red arrow, IRG.
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F IGURE 10 Distribution of interrenal gland (IRG) (adrenal homolog) cells (either as total cells or as deep-stained nuclei [DSN] or pale-stained
nuclei [PSN] cells) and the nuclear area (DSN and PSN cells) in Japanese medaka larvae after graphene oxide exposure. 1 day post-hatch Japanese

medaka larvae were exposed to GO (2.5–20 mg/L) in embryo rearing medium by immersion continuously for 96 h and then maintained in
balanced salt solution (no GO) for 6 weeks. Each bar represent the mean ± SEM. The bar heads with asterisks (*) represent that the data are
significantly different (p < .05) from control genotypes (XY or XX) or phenotypes (testis or ovary). The pound symbol (#) indicate significant
difference with genotypic (XY or XX) or phenotypic (testis or ovary) larvae exposed to 2.5 mg/L GO; dollar symbol ($) indicate significant
difference with genotypic (XY or XX) or phenotypic (testis or ovary) larvae exposed to 5.0 m/L GO. Symbol @ indicate significant difference with
the genotypic (XY or XX) or phenotypic (testis or ovary) larvae exposed to 10 mg/L GO. The symbol & indicate significant difference between
genotypes (XY and XX) or phenotypes (testis and ovary) having identical exposure conditions (between the genotypes and phenotypes of controls
or between the genotypes and phenotypes of the larvae exposed to the identical GO concentrations).
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differences between male and female phenotypes as observed in

2.5 mg/L (Figure 10B).

Furthermore, we have also separated the IRG cells of medaka lar-

vae into DSN (Figure 10C,D) and PSN (Figure 10E,F) cell types. The

DSN cells in the IRG of control male and female genotypes (XY and

XX) are remained at the same level (Figure 10C) as in control male

(testis) and female (ovary) phenotypes (Figure 10D). The effects of

GO in both male (XY) and female (XX) genotypes indicated that, com-

pared to controls, in males (XY), GO at 2.5 and 10 mg/L concentra-

tions significantly reduced the number of DSN cells in the IRG,

however, both 5.0 and 20.0 mg/L did not show any significant effects

(Figure 10C). Further comparisons of the data within the different

concentrations of GO (2.5–20 mg/L), did not show any consistent

concentration-dependent effects in males (XY), while the larvae

exposed to 20 mg/L showed concentration-dependent enhancement

in DSN cell numbers compared to 2.5 and 10.0 mg/L groups

(Figure 10C). In females (XX), GO at 2.5–10 mg/L concentrations,

were able to significantly reduced DSN cells when compared with

controls (XX), however, no significant difference in controls was

observed in larvae exposed to 20.0 mg/L (Figure 10C). Comparison of

the larvae exposed to different GO concentrations (2.5–20 mg/L)

indicated a concentration-dependent enhancement in larvae exposed

to 5.0 and 20.0 mg/L, compared to the larvae (XX) exposed to

2.5 mg/L GO, however, the larvae exposed to 10.0 mg/L showed sig-

nificant decrease in comparison to the larvae exposed to 5.0 mg/L GO

(Figure 10C). The effects of GO in male (testis) and female (ovary)

phenotypes indicated that in males (testis), GO at the concentrations

of 2.5 and 10 mg/L, compared to controls (no GO), were able to sig-

nificantly reduce the DSN cell numbers in the IRG of larvae, while in

other concentrations (5 and 20 mg/L) the cell number remained unal-

tered (Figure 10D). Moreover, comparison of the data (DSN cell num-

ber/mm2) within the different concentrations of GO (2.5–20 mg/L)

did not show any consistent effects. The larvae (testis) exposed to 5.0

and 20.0 mg/L GO had significantly higher number of cells than the

larvae exposed to 2.5 mg/L GO, while the DSN cells in 5.0 mg/L lar-

vae were found to be significantly higher than the larvae exposed to

10.0 mg/L. Moreover, male phenotypes (testis) with 20.0 mg/L GO

have significantly higher number of DSN cells than 10.0 mg/L GO

(Figure 10D). In females (ovary), GO at 2.5 and 10.0 mg/L concentra-

tions were able to significantly reduced the DSN cells in the IRG of

larvae, while other two concentrations (5.0 and 20.0 mg/L) did not

show any significant difference (Figure 10D). Comparison of the data

within the female phenotypes (ovary) exposed to different concentra-

tions of GO (2.5–20 mg/L) indicated only significant reduction in

10.0 mg/L groups when compared with 5.0 mg/L groups. Moreover,

as observed in control larvae, sex-specific differences in DSN cells

between male (XY) and female (XX) genotypes as well as between

male (testis) and female (ovary) phenotypes maintained in identical

GO concentrations (2.5–20) were found to be absent (Figure 10C,D).

The PSN cells in control larvae having male genotypes (XY),

showed significantly higher number of cells than females

(XY) (Figure 10E), while the male (testis) and female (ovary) pheno-

types did not show any significant differences (Figure 10F). Further,

comparison within male (XY) genotypes indicated that, compared to

controls, the number of PSN cells were reduced significantly in larvae

exposed to 2.5 and 20.0 mg/L GO (Figure 10F). Moreover, males

(XY) exposed to different concentrations of GO (2.5–20.0 mg/L) indi-

cated that, compared to 2.5 mg/L group, the PSN cell number were

significantly increased in the larvae exposed to 5.0–20.0 mg/L GO,

however, the larvae (XY) in 20.0 mg/L group showed significant

reduction in PSN cell number when compared with only 10.0 mg/L

group. In females (XX), compared to controls, significant reduction in

PSN cell number was observed in larvae exposed only in 20 mg/L GO,

while other groups (2.5–10.0 mg/L) did not show any significant dif-

ference (Figure 10E). Comparison of the PSN cell number between

the larvae exposed to different concentrations of GO indicated that

only the larvae exposed to 20 mg/L GO showed significant reduction

in comparison with all other GO-exposed groups (2.5–10.0 mg/L). For

sex-specific differences between male (XY) and female

(XX) genotypes exposed to GO (2.5–20.0 mg/L) indicated that, in con-

trast to controls, significant reduction in PSN cell number was

observed in females (XX) maintained either in 2.5 or 20.0 mg/L

GO. Other female (XX) groups (5.0 and 10.0 mg/L GO) maintained

equal PSN cell status as in male genotypes (XY) (Figure 10F). Further,

in male phenotypes (testis), the larvae exposed to 2.5,5, and 20 mg/L

GO showed significant reduction, while in females (ovary), GO (2.5–

20 mg/L) was unable to significantly alter the PSN cell populations in

IRG when compared with the corresponding controls (Figure 10F).

Further comparison of the PSN cell number within the different GO

exposed groups indicated significant increase in PSN cell number in

males (testis) exposed to 10.0 mg/L GO when compared with 2.5 and

5.0 mg/L GO groups. Moreover, significant reduction in PSN cell num-

ber was observed in males (testes) exposed to 20.0 mg/L GO than the

larvae in 10.0 mg/L. In females (ovary), 2.5, 5.0, and 10.0 mg/L main-

tained equal status except 20 mg/L where significant reduction in

PSN cell number was observed when compared only with 10.0 mg/L

GO groups. Moreover, like controls, sex-specific effects of GO (2.5–

20.0 mg/L) between phenotypic males (testis) and females (ovary) was

found to be absent in the larvae maintained in any of the GO concen-

trations (Figure 10F).

Like adults, we have also measured the area (μm2) of the nuclei of

DSN (Figure 10G,H) and PSN (Figure 10I,J) cells in larvae exposed to

different concentrations of GO (2.5–20 mg/L) and compared the data

with corresponding control (no GO) male (XY) and female

(XX) genotypes as well as between control male (testis) and female

(ovary) phenotypes. Our data indicated that the average nuclear areas

of DSN cells in control male (XY) and female (XX) genotypes are 8.41

± 0.44 μm2 (n = 48) and 11.98 ± 0.62 μm2 (n = 47), while in control

male (testis) and female (ovary) phenotypes are 9.69 ± 0.46 μm2

(n = 63) and 9.42 ± 0.40 μm2 (n = 27), respectively. Comparison of

the data indicated that the nuclear areas in DSN cells in females

(XX) appear to be significantly higher than males (XY) (Figure 10H),

while in male (testis) and female (ovary) phenotypes the nuclear areas

appeared to be identical (Figure 10G). In PSN cells, the nuclear areas

in control male (XY) and female (XX) genotypes are 8.41 ± 0.26 μm2

(n = 84) and 10.67μm2 (n = 58), while in male (testis) and female
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(ovary) phenotypes, the area are 8.75 ± 0.25 μm2 (n = 102) and

11.12 ± 0.64 μm2 (n = 41), respectively. Comparisons of the data indi-

cated that, in controls, both genotypic (XX) and phenotypic (ovary)

females have significantly higher nuclear areas than the corresponding

genotypic (XY) and phenotypic (testis) males (Figure 10I,J).

Exposure of the larvae to different concentrations of GO (2.5–

20 mg/L) indicated that the nuclear areas (μm2) of DSN cells in male

genotypes (XY), compared to controls, were found to be significantly

higher in larvae exposed to 10.0 and 20.0 mg/L GO (Figure 10G).

Comparison within the larvae exposed to different concentrations of

GO (2.5–20 mg) showed that, compared to 2.5 and 5.0 mg/L GO, the

nuclear area of DSN cells were significantly increased (hypertrophy) in

larvae exposed to both 10.0 and 20.0 mg/L GO (Figure 10G). In

females (XX), compared to control larvae, significant decrease (hypo-

trophy) was observed in the nuclear area of DSN cells exposed to

2.5–20.0 mg/L GO (Figure 10G). Intergroup comparisons of the larvae

(XX) exposed to different concentrations of GO indicated further

reduction in DSN cell nuclear area in 5.0 and 20.0 mg/GO groups

when compared with 2.5 mg/L GO. Further comparisons between

male (XY) and female (XX) genotypes exposed to identical concentra-

tions of GO (2.5–20 mg/L) indicated that the female genotypes

(XX) exposed to 20.0 mg/L GO have significantly reduced DSN cell

nuclear area than the males (XY) maintained in 20.0 mg/L GO. In phe-

notypes, our data indicated that the nuclear area in DSN cells of males

(testis) exposed to different concentrations of GO remained at the

same level as in controls, however, compared to the larvae exposed to

5.0 mg/L, significant enhancement (hypertrophy) was observed in

males (testis) exposed to 10.0 or 20 mg/L GO (Figure 10H). In females

(ovary), compared to controls, a significant reduction (hypotrophy) in

the nuclear area of DSN cells was observed in larvae exposed to 2.5,

5.0, and 10.0 mg/L GO (Figure 10G). Further comparison of the data

within the different GO-exposed groups (2.5–20 mg/L) indicated that

compared to 2.5 mg/L group, the nuclear area in DSN cells were

found to be significantly reduced in larvae exposed to 5.0 mg/L and

enhanced in 20.0 mg/L while in 10 mg/L group the nuclear area in

DSN cells appear to be significantly reduced when compared with the

larvae exposed to 20 mg/L GO (Figure 10H). Further comparisons

between males (testis) and females (ovary) exposed to identical con-

centrations of GO (2.5–20 mg/L) indicated that the phenotypic

females exposed to 10.0 mg/L GO have significantly reduced DSN cell

nuclear area than the males (testis) maintained in 10.0 mg/L

GO. However, in contrast to 10.0 mg/L, the females (ovary) exposed

to 20.0 mg/L GO have significantly higher nuclear areas than the male

phenotypes exposed to identical GO concentrations (20 mg/L)

(Figure 10G).

The nuclear area of the PSN cells in male genotypes (XY) exposed

to 5.0, 10, and 20 mg/L GO have hypertrophic PSN cell nucleus than

the larvae (XY) maintained as controls (Figure 10I). Consequently,

comparisons of the data (nuclear area of PSN cells) in the larvae

(XY) exposed to 2.5 mg/L GO with the larvae exposed to higher con-

centrations of GO (5.0–20 mg/L) indicated significant hypertrophy.

While in females (XX), compared to controls, significant hypotrophy

was observed in larvae exposed to 5.0 and 10.0 mg/L while remained

at the same level in the larvae (XX) exposed to 2.5 and 20.0 mg/L GO

(Figure 10I). Further comparisons of the data within the larvae

(XX) exposed to different concentrations of GO (2.5–20 mg/L), indi-

cated significant nuclear hypotrophy in the larvae (XX) exposed to 5.0

and 10.0 mg/L GO than the larvae (XX) in 2.5 and 20.0 mg/L

GO. Moreover, to find a sex-specific differences between males

(XY) and females (XX), further comparison in PSN cell nuclear area

was made in the larvae exposed to equal concentrations (2.5–20 mg/

L) of GO. Our data indicated that female genotypes exposed to

2.5 mg/L showed hypertrophy while in 5.0, and 10.0 mg/L showed

hypotrophy in the nuclear area of PSN cells when compared with male

genotypes (XY) maintained in identical GO concentrations

(Figure 10I). In phenotypes, the nuclear area of PSN cells in males (tes-

tis), compared to controls, were found to be significantly increased

(hypertrophy) in larvae exposed to 10.0 and 20.0 mg/L GO

(Figure 10J). Further comparison within the larvae (testis) exposed to

different concentrations of GO (2.5–20 mg/L), indicated significant

hypertrophy in the area of PSN cells in larvae exposed to 10 and

20 mg/L GO than the larvae exposed to 2.5 and 5.0 mg/L GO

(Figure 10J). In females (ovary), compared to controls, significant

reductions (hypotrophy) in the nuclear area of PSN cells were

observed in 2.5–10.0 mg/L GO, while in 20.0 mg/L, the nuclear area

appears to be identical with the control females (ovary) (Figure 10J).

Consequently, comparisons between different concentrations of GO,

indicated significant decrease in larvae exposed to 10.0 mg/L and

increased in larvae exposed to 20 mg/L when compared with the lar-

vae (ovary) exposed to 2.5 and 5.0 mg/L (Figure 10J). Moreover, to

indicate sex-specific effects on the nuclear area of PSN cells, further

comparison was made between the male (testis) and female (ovary)

phenotypes exposed to identical concentrations of GO (2.5–20 mg/L).

Our data indicated that compared to male phenotypes (testis), signifi-

cant hypertrophy in nuclear area of PSN cells were observed in

females (ovary) exposed to 20 mg/L GO and hypotrophy in 5.0 mg/L

(Figure 10J). In other GO concentrations (2.5 and 10.0 mg/L), the

females (ovary), maintained the identical nuclear area (not significantly

different) with male phenotypes (Figure 10J).

4 | DISCUSSION

Fish are the main vertebrate species for aquatic toxicity testing, and

small fish (zebrafish, Japanese medaka, fathead minnow, and stickle-

back) are the main test guideline (TG) species used for testing and

screening EDCs with estrogen, androgen, and steroidogenic (EAS)

modalities.2Adrenal cortex, a steroidogenic endocrine gland, has been

suggested as a toxicological target for chemicals and drugs. Depend-

ing on the dose, duration, and chemical potency of exposure, several

EDCs are known to disrupt adrenocortical function and pathways.29

The GO, an oxidized derivative of graphene, has numerous hydroxyl,

carbonyl, carboxyl, and epoxy functional groups giving unique physi-

cochemical properties and therefore the nanocarbon is widely used in

different biomedical and environmental applications.12,30 However,

despite its multiple uses, several reports indicate that GO is
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toxic,17,31,32 while the potential human and ecological health risks are

yet to be confirmed. Therefore, our continued studies on the evalua-

tion of GO as an EDC utilizing the adrenal gland of Japanese medaka

might be necessary.

Histologically, the adrenal gland consists of two endocrine com-

partments, a steroidogenic tissue originated from mesodermal mesen-

chyme during embryogenesis and a chromaffin tissue derived from

embryonic neural crest cells.33–35 In mammals, the adrenal gland has a

peripheral cortex and an inner medulla. The cortex composed of ste-

roidogenic tissue and produces mineralocorticoid, glucocorticoid and

sex steroids under the control of HPA axis. The medulla is made up of

chromaffin tissue producing mainly catecholamines under the control

of sympatho-adreno-medullary system.36,37 Although the structural

anatomy of the adrenal gland in nonmammalian vertebrates is widely

variable, ranging from a diffuse intermingling to a complete separation

of the steroidogenic and chromaffin tissues, the biochemical charac-

teristics and the hormones produced by the gland are mostly identical

with mammals.35

In teleost fish, the adrenal gland is interrenal, not discrete, and

the two cell types (steroidogenic interrenal cells and neuroendocrine

chromaffin cells) can be mixed, adjacent or completely separated and

lined on the endothelium of the posterior cardinal vein and/or its

branches within the kidney.27,38–40 Moreover, IRG is highly sensitive

to toxic chemicals while there is a lack of predictability about the

nature of adrenal toxicants disposed into the environment.29,40,41 Sev-

eral reports indicated that the structure and functions of the HPA-axis

are disrupted in animals (fish and amphibians) living in contaminated

aquatic sites.42 Although human adrenal cell line H295R is utilized in

EDC screening tests (Harvey 2016) in vitro, several chemicals includ-

ing heavy metals like cadmium,43,44 and chromium,45 organochlorines

like carbon tetrachloride,46 and hexachlorobenzene,47 aromatic hydro-

carbons like ketoconazole48 and etomidate49are the potential adrenal

toxicants evaluated in different model organisms.40,50

To verify our hypothesis, we have used both adults and larvae of

Japanese medaka fish exposed to GO either by IMR (adults and lar-

vae) or IP (adults) and histopathological evaluations were made by fol-

lowing histological (HE staining), histochemical (PAS staining) and

immunohistochemical (TH enzymes) methods (Figures 1–5 and 7–9;

S1–S7). Moreover, for quantitative evaluation, we have counted IRG

cells captured as digital images in HE stained sections and expressed

the results as number of cells/mm2 of IRG (Figures 6 and 10). In tele-

ost, the adrenal homolog (IR axis) consists of at least two types of cells

having endocrine functions (steroidogenic cells and chromaffin cells).

Previously, these cells were identified by cellular morphology27,39 or

immunostaining with cell-specific enzymes such as 3β-hydroxysteroid

dehydrogenase (3β-HSD) for steroidogenic cells51 and TH for chro-

maffin cells.28 In this study, we have attempted to identify the adrenal

medullary cells (chromaffin cells) which express TH enzyme, the rate-

limiting enzyme of catecoholamine biosynthesis.26 However, to make

it straightforward, we have divided IRG cells as DSN, having deep

stained basophilic nuclei, and PSN having comparatively less baso-

philic nuclei than DSN (Figures S1a,b). Moreover, we have measured

the nuclear area of both DSN and PSN cells and used as an indicator

of cellular activity (hypo-or hypertrophy) at the IRG of medaka

(Figures 6 and 10). Although our technique is not specific for steroido-

genic cells, based on our hypothesis, we have reason to predict that

due to high adsorbing property, GO might be nonspecifically agglom-

erated on the different regions of the IRG of medaka, and the sharp

edge of the nanoparticle can induce cell death through necrosis/lysis

that affect the structure of the organ and the hormonal status of the

animal. Our studies showed that the IRG of medaka is located and

lined mostly around the posterior cardinal vein or its branches within

the kidney (Figures 2–5 and 7–9; S1–S7). Both DSN and PSN cells are

intermingling along the IRG either in a single layer or forming clumps

or cords containing 2–3 cells thick which is similar to the distribution

pattern of steroidogenic (IR cells) and chromaffin cells in medaka27 as

well as in other teleost species.39,40,52,53 Considering the age of the

experimental fish, we have used reproductively active adult male and

female fish for standardization of the technique based on exposure

route and sex of the animal (Figures 2–6); while the larvae, depending

on the genotypic and phenotypic sex, were evaluated for a

concentration-dependent EDC effect of GO on IRG (Figures 7–10).

Both male and female fish as a breeding pair, exposed to GO or

no GO (either by IMR or IP) in the laboratory (16 L: 8 D light cycle;

25 ± 1�C), were able to breed successfully, produced viable eggs and

no death occurred in IMR fish (Figure 1). However, in IP control (vehi-

cle-injected) fish, out of 30 breeding pairs, 6 males (20%) and 1 female

(3.33%) died within 21 days post-injection period.18,19 In addition, in

IP-treated fish with 100 μg/g GO, out of 8 breeding pairs, one breed-

ing pair (both male and female) died (12.5% male and 12.5% female)

while other pairs survived and breed successfully during post-injection

period. The breeding activity for males was assessed by the number

of fertilized eggs produced by the breeding pair, and for females by

the number of total eggs (both fertilized and unfertilized eggs) laid by

the female partner.18,19 The data indicated that a steady-state egg

production was continued in both control and GO-exposed IMR fish

as observed during preexposure period, however, in IP fish the con-

trols reached a steady-state after 1 day while in GO-injected fish

(100 μg/g) after one or more week days of postinjection.18,19 We

therefore predict that IP-treated fish, especially the males, were under

more stressful conditions than IMR fish, which might be reflected in

the basic histology of the IRG.54

Our histological observations in adult fish indicated that the

impairments of IRG in the experimental male and female fish are

dependent on the route of exposure of the nanomaterial. Compared

to fish maintained as IMR, the effects are more pronounced in IP-

treated fish and GO aggravated the process (Figures 2,3). In both

males and females, the arrangement of IRG cells, especially as a cord,

appears to be distorted in IP fish (Figures 3A–D). Moreover, when

exposed to GO, compared to IMR (Figure 3E–H), a severe distortion

was noticed intermittently in IRG of both male and female IP fish

(Figures 3E–F and S2a,b). The sinusoidal space became increased and

the cords appear to become hypertrophied and dumbbell-shaped in

appearance in several regions of IRG (Figure S2a,b). Although to our

knowledge, the evaluation of GO as an EDC targeting IRG of fish has

not been done yet, our histological data are more or less similar with
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the observations made in Channa punctatus, where the arrangement

pattern of IRG in cords was distorted and the spaces (lacunae)

between the cords of IR axis cells were decreased due to cellular

hypertrophy and degranulation after chromium (20–40 mg/L, 96 h)

exposure.45 Our histochemical evaluation showed that the IRG cells in

Japanese medaka are PAS negative and GO exposure (both IMR and

IP) did not show any significant variation in PAS activity in these cells

(Figure 4). Available reports indicated that the IRG cells of Labeo

rohita, Pimephales promelas, Anabas scandens, and Brycon cephalus are

found to be PAS negative,55,56 while in reed-fish some of the IRG cells

are PAS positive.57 In Cirrhinus mrigala (Ham.) cortical cells exhibited

weak response to PAS, while chromaffin cells in Labeo, Cirrhinus, and

Puntius sophore, showed moderately intense PAS reaction.58,59 In Nile

tilapia, some of the interrenal cells and the noradrenaline-containing

chromaffin cells are PAS positive, while adrenaline-containing chro-

maffin cells are not.53 From our immunohistochemical studies,

although we are unable to distinguish adrenaline or nor-adrenaline

cells, we predict that the observed TH positive cells in IRG of

Japanese medaka adults and larvae are chromaffin cells and their dis-

tribution adjacent to the endothelium of the cardinal veins passing

through the head kidney indicated the specific location of the IRG in

the head kidneys of a teleost (Figures 5 and 9). Taken together, from

our histopathological studies, we simply predict that GO exerts a neg-

ligible effect on the PAS positivity and metabolic activity of IRG cells

of Japanese medaka, even though structural impairments of IRG can-

not be ruled out.

For quantitative evaluation of the impairments made by GO in

the structure (cellular distribution) and functions (nuclear area) of IRG,

we have compared cellular distribution (number of cells/mm2) and the

nuclear area (μm2) of the IRG cells of medaka adults (both males and

females) exposed with and without GO (control), adopting two routes

of exposure (IMR and IP-injection) (Figure 1). Previously, we have

observed that the significant number of adults Japanese medaka

males were died after IP-injection of vehicle than females.18,19 In the

current experiment, we expect a gender-specific effects of GO in

Japanese medaka depending on the route of exposure (IMR vs. IP),

even though we expect that the amount of GO available to the IRG

cells of medaka adults by these two routes (20 mg/L in IMR and

100 μg/g in IP) might be identical. Although inconsistent, our data

indicate that the fish exposed to GO (either through IMR or IP), have

significantly reduced IRG cells and enhanced nuclear hypertrophy in

both male and female fish (Figure 6). When considered all cells

(DSN + PSN), if the exposure route was immersion, GO (20 mg/L,

IMR) was found to be ineffective, while in IP route, GO was able to

significantly reduce the number of IRG cells in both male and female

fish (Figure 6A). Considering DSN cells, gender-specific effect of GO

was observed only in male fish in both exposure routes (IMR and IP)

(Figure 6B), while in PSN cells, GO was able to significantly reduced

only in females if the exposure route was IP (Figure 6C). Considering

nuclear area, both in DSN and PSN cells, significant nuclear hypertro-

phy was observed in both male and female fish, if the fish immersed

in GO (20 mg/L, IMR); in IP fish, hypertrophic nuclei in DSN cells were

observed only in male fish, while in PSN cells, both male and female

fish have hypertrophic nuclei (Figure 6D,E). Although the effects of

GO is inconsistent in our experimental model, we still predict that the

impairments made by GO on IRG is nonspecific and probably due to

agglomeration of GO on the organ entered into the body of the fish

through either of the exposure routes (IMR or IP).

Our histological and histochemical studies indicate that the struc-

tural and biochemical features of the IRG of Japanese medaka make

the organ an ideal target of EDCs.41,42 Exposures to pollutants, includ-

ing pulp and paper effluents, metals, polychlorinated biphenyl (PCB)

and chlordane exhibited hypertrophy and hyperplasia of the IRG cells

in fish.42,60 Moreover, other factors related to stress are also altered

the cytophysiology of IRG cells. Depending on the annual reproduc-

tive cycle for maintaining a steady-state hormonal balance, the male

stickleback (Gasterosteteus aculeatus), can periodically renew and

replace mitochondria and smooth endoplasmic reticulum (SER) in the

IRG cells.61 In cichlid fish, Cichlasoma dimerus, the steroidogenic cells

in the IRG have comparatively greater nuclear area (hypertrophy) in

non-territorial males (lowest social rank) than territorial (dominant

pre-spawning) males.54 Taken together, our studies indicated that the

structural impairment and the nuclear hypertrophy of the IRG induced

in adult male and female medaka, exposed to GO either by IMR or IP,

are probably mediated through stress-related imbalance in circulating

cortisol level in fish.42

To evaluate the concentration-dependent effect of GO on the

IRG of medaka, we have extended our studies further in medaka lar-

vae by analyzing interrenal tissue of the same experimental fish used

in our previous experiment.20,21 The larvae were exposed to different

concentrations of GO (2.5–20 mg/L), continuously for 96 h by IMR

and evaluated after 6 weeks of depuration in a GO-free environment.

We have also observed that GO accumulated in the gut of the larvae

in a concentration-dependent manner.20,21 For histological, histo-

chemical, immunohistochemical, and quantitative evaluation of IRG

(Figures 7–9), we followed the same strategies as we did in the adult

fish (Figures 2–5). Our histological data indicate similarities in the

structure and location of the IRG of larvae and adult fish and GO

induced occasional impairments which are not restricted to a specific

region of the IRG (Figure 7A–F). Moreover, histochemical and immu-

nohistochemical studies indicated that the IRG cells in larvae are PAS

negative (Figure 8A–F), and immunoreactive to TH enzyme

(Figure 9A–F).

During quantitative analysis, despite our focus on the

concentration-dependent effects of GO, we have also assessed its

effect on gender specificity as male (XY) and female (XX) genotypes as

well as male (testis) and female (ovary) phenotypes. As the secondary

sexual features were yet to develop in the larvae on 47th dph, the sex

of the larvae was determined by phenotypic (histological examination

of the gonads either as testis or ovary) and genotyping (XY and XX)

methods.20–23 We have observed that �27% male phenotypes

instead of XY genotypes, were XX (8 XX larvae have testis out of

29 larvae with phenotypic testis), and we considered these larvae as

sex-reversed during our previous studies on gonads20,21 and thy-

roids.22,23 In the present study, we are unable to track the IRG of all

the experimental larvae. Therefore, the larvae having testis as gonad
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are considered as male phenotypes (testis) and the larvae genotyped

XX were considered as females, irrespective of the presence of testis

or ovary.

Our data indicated that the number of IRG cells (total cells;

DSN + PSN) and the nuclear area of DSN and PSN cells in the larvae

of male (XY) and female (XX) genotypes (Figure 10A) or male (testis)

and female phenotypes (ovary) (Figure 10B) appear to be higher than

the adult males or females (Figure 6A,D,E). Although we do not know

the exact reason for this age-specific difference (larvae vs. adults), we

expect that the circulating cortisol level of these fish may not be iden-

tical between these two age groups (larvae and adults). In our experi-

mental fish, we did not measure the circulating cortisol level,

however, we expect that the differences in gonadal maturity in these

fish (adults and larvae) might alter the hormonal status that affect the

structure and functions of the IRG cells which are responsible for the

maintenance of circulating cortisol level through HPA axis.29,42 In

male stickleback, the variation in the structure and functions of the

IRG cells and thus the circulating cortisol level are linked to the differ-

ent periods of the annual reproductive cycle.61

Although we used only one concentration (20 mg/L) or dose

(100 μg/g) of GO in adult fish, to observe a concentration-dependent

EDC response of GO, medaka larvae (1 dph) were exposed to four dif-

ferent concentrations of GO (2.5, 5.0, 10.0, and 20.0 mg/L) continu-

ously for 96 h and evaluated on 47th dph after 6 weeks

depuration.20,21 However, the toxic effects we have observed on the

IRG of larvae were inconsistent and very hard to evaluate GO as an

AED. We believe that like adults, in larvae, GO could be non-

specifically agglomerated on the IRG and infrequently lysed the cells

which might be reflected on the effects of GO we observed in our

current experiments.

5 | CONCLUSIONS

Overall, our experimental results on histopathology of the IRG

(adrenal homolog of mammals) in Japanese medaka adults, either

immersed in 20 mg/L or IP-injected with 100 μg/g GO and evalu-

ated after 3 weeks (21 days) depuration and on larvae (1st fry

stage), exposed to four different concentrations of (2.5, 5.0, 10.0,

and 20.0 mg/L for 96 h), did not specifically establish GO as an

AED even though the structural impairments of the organ were

observed. Moreover, our studies based on histology, histochemis-

try and immunohistochemistry, indicated that in both adults and

larvae, the IRG is located adjacent to the endothelium of the cardi-

nal veins passing through the head kidney. Further, our data on the

quantitative evaluation of the IRG cell sorting indicated that the

route of exposure, age, and sex of the fish need to be critically con-

sidered during the evaluation of a chemical as an AED. Although in

the present study, we did not focus of the HPA axis, we expect

that structural impairments induced by GO could directly or indi-

rectly disrupt the HPA axis which will be reflected on the circulat-

ing cortisol level of the fish.
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