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SUMMARY: The adrenal gland has been associated with the development of classical symptoms in diabetes mellitus (DM),
including intensive polyuria and hyperglycemia. During DM, there are hormonal changes in the adrenal gland. Ultrastragesalfcha
adrenocortical and adrenal medulla cells and their effects on adrenocorticomedullary interaction have not been fullgihvidssgat
study evaluated adrenocortical and adrenal medullary cells and adrenocorticomedullary interactions at ultrastructurah levels in
streptozotocin-induced DM model, using transmission electron microscopy. Fifteen male, Sprague-Dawley rats were divéidedinto di
model (n = 10) and control (n = 5) groups. Rats were sacrificed at four weeks after induction. The nuclei of some diahktelisort
were found to be irregularly shaped. In the cytoplasm, increased numbers of mitochondria and dilated smooth endoplasmic reticul
were observed. However, lipid droplets decreased in the DM model animals. The filopodia of diabetic cortical cells extenided to
the fenestrated capillary and other cortical cells and losses of gap junctions were also observed. Alterations of drabétic agile
resulted in similar appearances, consisting of irregularly shaped nuclei, swollen mitochondria, distended rough endoplésmijc ret
and disrupted chromaffin vesicles. Examining adrenocorticomedullary interactions showed that the diabetic cortical cretienaffin ¢
resembled those in the medulla. In the DM model group, collagen fibril depositions were observed between adrenal c#is)especia
cell interactions. The filopodia of diabetic cortical cells were larger than those observed for diabetic adrenocorticomeztaliéions
and adrenal cortex. These adrenal gland ultrastructural modifications represent contributions to the basic knowledgédanecessary
investigations of adrenal gland impairment during the early diagnosis of DM patients.
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INTRODUCTION

The adrenal gland is an essential endocrine glandith the DM symptoms, such as polydipsia, polyphagia, and
composed of three outer layers [zona glomerulosa (ZG), zap@lyuria (Fauckt al, 2009). Aldosterone is synthesized by
fasciculata (ZF), and zona reticularis (ZR)] and the inndhe ZG cells in response to angiotensin Il (All) levels or
medulla. The adrenal cortex produces steroid hormonésirenocorticotrophic hormone (ACTH) (Kierszenbaum &
mineralocorticoids, glucocorticoids, and androgens. Eadlies). In a short-term DM model, plasma concentrations of
hormone exerts effects on metabolism, the stress resporgosterone and All were found to be high (Hollenketrg
and water and electrolyte homeostasis. Epinephrine @, 2004). ZF cells synthesize and secrete cortisol, which is
norepinephrine, which is produced in the inner medullafvolved ingluconeogenesis (Kierszenbaum & Tres). During
layer, regulates the fight or flight response and reactionsfigperglycemia, the hypothalamic-pituitary-adrenal axis
stressful conditions (Kierszenbaum & Tres, 2016). hyperfunction was observed, which elevates plasma cortisol

and corticosterone levels (Rebuféal, 1988). As a result,

Diabetes mellitus (DM) is a chronic metabolic diseas@igh blood glucose levels occur. ZR synthesizes androgens
that affects several systems, including the nervous, urinafitierszenbaum & Tres). In short-term diabetic patients, plas-
immune, vascular, and endocrine systems (Laetual, Ma androgen levels are low (Barrett-Connor, 1992).
2007; Sricharoenvagt al, 2009; Niyomcharet al, 2019; However, the histopathology of diabetic ZR remains unclear.
Lanluaet al, 2019). The adrenal gland has been associatétl the adrenal medulla, the levels of medullary
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catecholamines increase in short-term DM model miaal 2.5 % glutaraldehyde in 0.1 M PBS was injected. The

(Carsonet al, 1982). Cellular relationships between thedrenal glands were removed and cut into 5-mm3 cubes.

adrenal cortex and the medulla have been demonstrated, Wiltrastructural techniques were applied (Niyomcegal;

cortical hormones stimulating medullary hormonal synthesisanluaet al, 2019). The specimens were serially sectioned

and vice versa (Haast al, 2011). (80-85 nm thick), stained with 1 % uranyl acetate and lead

citrate. The ultrastructural features of the adrenal glands

The adrenal gland plays an important role in thevere observed and photographed undera TEM (JEOL JEM

progressive development of DM symptoms (Faetcal). 100S, Japan).

Extensive literature exists reporting on the biochemical

analysis of adrenal hormones. However, the ultrastructui@tatistical analysis.The body weights are expressed as

changes that occur in adrenal cells and the relationshifh& meant standard deviation (SD). The Mann-Whitney

between the adrenal cortex and medulla, especially duribgtest, in the software program SPSS, version 18.0 (SPSS

short-term DM, have not been well-studied. Therefore, wac., Chicago, IL, USA), was used to analyze the

aimed to investigate changes in the adrenal gland significance of differences between independent groups,

ultrastructural levels in a short-term, streptozotocin (STZwith a p-value < 0.05.

induced DM model rat using transmission electron

microscopy (TEM). This study contributes significant basic

knowledge, which can clarify adrenal gland pathology durin@ESULTS

the progression of short-term DM.

After STZ induction, animals developed type 1 DM
MATERIALS AND METHOD within 48 h, with typical DM symptoms, including
polyphagia, polydipsia, polyuria, and unexplained weight
loss (Table I). The urine and the whole-blood glucose levels
Study design and induction of animal modelsAnimals  of DM model rats were greater than 500 ml/dL (Table I1)
were approved by the ethics committee of Siriraand 300 mg/dL (Table IlI), respectively.
Laboratory Animal Research and Care Center, Mahidol
University (COA No. 016/2558). Fifteen adult, male
Sprague-Dawley rats, aged 6-8 weeks and weighi
between 200-270 g were used (National Laboratory Ani=

rT ble I. Comparisons in the body weights of the control and short-
m DM model groups.

mal Center, Mahidol University, Thailand). The protocols Body weights (g.)

were adhered to the Guide for the Care and Use d¢froups (Mean = SD)
Laboratory Animals. Rats were nourished and tested Before experiment Before sacrifice
(Lanluaet al, 2007; Sricharoenvait al; Niyomchanet  Control (n=7) 218.89+4.34 468.09 +7.53
al.; Lanluaet al, 2019). Then, rats were randomly divided DM model (n=7) 219.49 £ 3.58 222.14 £ 6.79*

into two groups: STZ-induced DM model (n = 10) and p-value <0.05 compared to the control group.

control (n = 5) groups. In the diabetic group, each rat was

g]ct)r:)pl)er\lltvoerzgilly Igj_?_;ted(xvgpoz Smogrlgadnc?ii of ?gnns]gg(gable Il. Comparisons in the urine glucose levels of the control
. . A ’ And short-term DM model groups.

Phar_maceutlcal, Belgium) in mtra_te_ buffer, a_t pH 4.5. The Urine glucose levels (mg/dL)

rats in the control group were injected with the same Groups

: - Before experiment Before sacrifice
amount of buffer. Urine glucose levels, body weights, and™ ¢, o1 (n=7) 0 0
whole-blood glucose levels were monitored.Urine and pm model (n=7) 0 >500a

WhOIe'blooq glucose Ie\_/els_ above 500 mg/dL and 300 _ngbM is considered as more than 500 mg/dL of urine glucose levels.
dL, respectively, were indicated the complete establish-

ment of DM model. After model induction, rats were

sacrificed 4 weeks. Five control and ten DM modelable lll. The comparisons in the whole blood glucose levels of
ratswere processed for the ultrastructural study. Surgéhg control and short-term DM model groups.

was performed under halothane anesthesia and every effeyt, ¢ Whole blood glucose levels (mg/dL)

was made to minimize suffering. Before experiment Before sacrifice
Control (n=7) 86.79 £7.35 121.86 £ 5.89
DM model (n=7) 88.21+6.65 56433 +5.53"

Tissue preparation for ultrastructural study. After
perfusion with 0.1 M phosphate-buffered (PBS) saline, 5¢bm is indicated as more than 300 mg/dL of whole blood glucose levels.

110



BAIMAI, S.; BHANICHKUL, P.; LANLUA, P.; NIYOMCHAN, A. & SRICHAROENVEJ, S.  Modifications of adrenal gland ultrastructure in streptozotocin-induced diabetic model rats.
Int. J. Morphol., 39(1)L09-115, 2021.

Ultrastructural study of the adrenal
cortex. The control ZG cells contained large
spherical nuclei. In the cytoplasm, several
mitochondria were identified, with tubular
cristae, concentrically arranged around the
nucleus. Small amounts of lipid droplets were
dispersed throughout the cytoplasm (Fig. 1A),
In the short-term DM, increased numbers ang
sizes of mitochondria were observed. In
contrast, the volume of lipid droplets in the
cytoplasm decreased. Filopodia, which ex-
tended from ZG cells to contact either
fenestrated capillaries or other ZG cells, wergs
also observed (Fig. 1B). The control ZF cells
contained large, spherical nuclei and round
mitochondria with vesicular cristae, and
numerous large-sized lipid droplets. The gaf
junctions between ZF cells could be observe
(Figs. 1C,E). The DM nuclei of ZF cells were &
irregular in shape, with invaginations of the
nuclear membrane. The mitochondria
increased in number and size, whereas fewd
and smaller lipid droplets were observed (Fig.
1D). The presence of rough endoplasmicc
reticulum (rER) and a dilated smooth

endoplasmic reticulum (sER) were shown e
(Fig. 1D: inset). Collagen fibril depositions

were observed between the ZF cells
Numerous filopodia were demonstrated,
contacting other ZF cells. Few gap junctions}
were presented between ZF cells in the D
(Fig. 1F). The control ZR cells contained §
spherical nuclei and fewer lipid droplets and
mitochondria, with tubulovesicular cristae.
Lipofuscin granules were demonstrated,}
which were unique to ZR cells (Fig. 1G). In
the DM, some nuclei appeared with irregula
shapes and invaginations of the nuclea
membrane. Increased numbers of
mitochondria and a decrease in the numbe

which extended to contact other ZR cells,
were revealed. Sparse gap junctions wer§
exhibited (Fig. 1H). Fibroblasts and
accumulated collagen fibrils were identified
in the wide intercellular spaces (Fig. 1H,[*
inset). '

Fig. 1. Transmission electron micrographs of zona glomerulosa cells (ZG) (1A-B), zona fascicula (ZF) (1C-F), and zons (@ZRg¢ular
(1G-H) in the adrenal cortex of control (1A, 1C, 1E, 1G) and short-term DM model groups (1B, 1D 1F, 1H). Nucleus (Nu)tedvagina
nuclear membrane (black arrows), mitochondria (black arrowheads), lipid droplets (LD), smooth endoplasmic reticulum gERsribo
(r), lipofuscin granules (LG), filopodia (F), gap junctions (white arrows), capillary lumens (L), collagen fibrils (C),rabthfib(Fi).
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Ultrastructural study of the adrenal medulla. The control apparatus structures could be observed (Figs. 2A,C,D). Both
chromaffin cells contained large, round nuclei. The cytoplastypes of chromaffin cells displayed similar deteriorating
contained numerous membrane-bound granules. Cells storgtguctures in the DM. Irregular nuclei with invaginated nu-
norepinephrine consisted of large-sized granules, witllear membranes and thick heterochromatin, were observed
eccentric electron-dense cores. (Figs. 2A,B). Cells storir{gig. 2D). The disruption of chromaffin vesicles, the loss of
epinephrine contained small-sized granules, with concentiell organelles, swollen and deteriorating mitochondria with
less electron-dense cores (Figs. 2C,D). Mitochondridjsrupted cristae, and distended rER with ruptured features
appearing as elongated shapes, well-developed rER and Gelgre demonstrated (Figs. 2B,F).

Ultrastructural study of the
adrenocorticomedullary
interaction. Close contacts
between cortical cells and
chromaffin cells in the control
adrenal cortex were
demonstrated. The control ZG
cells contained mitochondria,
with tubular cristae, and lipid
droplets. ZG cells extended
filopodia to contact chromaffin
cells (Fig. 3A). In the DM, the
accumulation of collagen fibrils
was observed between ZG and
chromaffin cells (Fig. 3B). The
control ZF cells contained
mitochondria, with vesicular
cristae, and large-sized lipid
droplets. The chromaffin cells
consisted of chromaffin vesicles,
mitochondria, and rER in the
cytoplasm (Fig. 3C). In the DM
model group, filopodia from ZF
cells and processes of chromaffin
cells were observed. Most
chromaffin vesicles appeared to

Fig. 2. Transmission election
micrographs of norepinephrine-
secreting cells (NE) (2A-B) and
epinephrine-secreting cells (E) (2C-
F) in adrenal medulla of the control
(2A, 2C, 2E) and short-term DM
model groups (2B, 2D, 2F). Nucleus
(Nu), an invagination of nuclear
membrane (a black arrow),
mitochondria (black arrowheads),
disrupted cristae of mitochondria
(MD), rER (white arrowheads),
chromaffin  vesicles (CV),
degenerated chromaffin vesicles
(VD), lysosome (Ly), Golgi
apparatus (G), loss of cell organelles
(black asterisks).
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be disrupted. Wider intercellular spaces and collagen fibiilhe chromaffin cells contained numerous chromaffin
depositions were observed between cells in the DM (Figesicles and mitochondria (Fig. 3E). In the DM, collagen
3D). The control ZR cells contained mitochondria, witHibril accumulation was observed in the intercellular spaces.
tubulovesicular cristae, lipofuscin granules, and filopodid-he filopodia of ZR cells were larger in the DM (Fig. 3F).

Fig. 3. Transmission
electron micrographs of
adrenocorticomedullary
cells in the zona
glomerulosa (ZG) (3A-B),
zona fasciculata (ZF) (3C-
D), and zona reticularis
(ZR) (3E-F) of the control
(3A, 3C, 3E) and short-
term DM model groups
(3B, 3D, 3F). Chromaffin
cells (CM), chromaffin
vesicles (CV), degenerated
chromaffin vesicles (VD),
nucleus (Nu),
mitochondria  (black
arrowheads), destructed
mitochondria  (MD),
lipofuscin granules (LG),
lipid droplets (LD), rER
(white  arrowheads),
processes of chromaffin
cells (black stars),
filopodia (F), collagen
fibrils (C), lumen of
capillary (L).
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DISCUSSION has been observed in DM animals (Sricharoeptel).
Cortical cells became likely extended their filopodia to
directly contact fenestrated capillaries. In addition, the

After STZ-induction, rats presented hyperglycemigphosphorylation of protein kinase C sigma induces nuclear
glucosuria, and unexplained weight loss, similar to previolamina disassembly of rat heart cells (Brodie & Blumberg,
studies (Lanluat al, 2007; Sricharoenvet al; Niyomchan 2003). The number of mitochondria increases, especially in
et al; Lanluaet al,, 2019). the perinuclear region. So that, the invaginations of the nu-

clear membrane occur. In the ZR, androgens expressed

In the adrenal cortex, during the early stages of Dhcrease chromogranin A expression, which may be

model in rats and type 1 DM patients, increased numbersasfsociated with the disruptions in chromaffin vesicles in DM

angiotensin receptorsand concentrations of plasma All hafléaaseet al). Hyperglycemia causes the increased activity

been reported in ZG cells (Hollenbet al., 2004). of the lipoprotein lipase, which results in altered biological

Aldosterone precursors and enzymes in SER amdembrane properties. Moreover, advanced glycation end

mitochondria increase in diabetic ZG (Mazzocehial, products increase in the mitochondria. Consequently, the loss

1986). Therefore, aldosterone synthesis increases. Increasethembrane permeability for mitochondria, rER, and the

corticotrophin releasing hormone mRNA in DM has bee@olgi apparatus causes intracellular organelles to swell

detected, resulting in high plasma ACTH (Cleaal, 2001). (Crompton, 1999). Furthermore, high levels of ROS alter

Thus, plasma aldosterone concentrations increase. Howevee phospholipid composition of the mitochondrial inner

plasma aldosterone levels were found to decrease 4 wesleambrane, disrupting the mitochondrial cristae (De Fronzo

after STZ injection (El-Fekyet al, 2010). The cell sizes et al, 2010). Damaged intracellular organelles are digested

ofproximal convoluted tubule increase, the basemeby the lysosomal hydrolases (Powesal.,, 2005).

membrane thickens, and lipid peroxidation occurs, resultédlditionally, the sympathetic ganglion cells in DM did not

in decreased glucose reabsorption (Lardti@l, 2007). show morphological changes (Noorafsieaml, 2005).

Altogether, high levels of aldosterone synthesis together with

increased water loss, promote aldosterone production. The  Structural modifications to the adrenal gland occur

ultrastructure of ZG cells in DM model animals revealeth diabetic rats that may contribute to pathological changes.

distended mitochondria and sER.Lipid droplets is a precufFhese changes can involve in the hormonal syntheses and
sor of aldosterone synthesis (El-Fatwl). Therefore, high releases. The findings will be useful for clarifying the
levels of aldosterone can result in lipid droplet reductionpathology of the adrenal gland during the progression of

The ZF cells in DM resembled the ultrastructure of ZG cellshort-term DM.

ZF cells were shown large mitochondria and sER reduced

lipid droplets. As a result, high cortisol levels stimulate

gluconeogenesis (Molina, 2018). ZR cells showed similffCKNOWLEDGEMENTS
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In the cortical cells, membrane disruptions Werg A IMAL. S BHANICHKUL P LANLUA P.-

observed, including the loss of gap junctions and increasgfl, omcHAN. A. & SRICHAROENVEJ. S. Modificaciones
numbers of filopodia associated with the cortical cellgje |a ultraestructura de la glandula suprarrenal en ratas modelo
Hyperglycemia increases reactive oxygen species (RO@abéticas inducidas por estreptozotocihg. J. Morphol.,
formation, which induces lipid peroxidation (Bizzozeto 39(1)109-115, 2021.

al., 2001). Lipid peroxidation refers to the oxidative

degradation of lipids in cell membranes. Moreover, the RESUMEN: La glandula suprarrenal se ha asociado con
hyperphosphorylation of connexin-43 occurs during DM?' de_sarrollo de _sir_no_mas c_Iésicos_ en la diab_etes mellitus (DM),
causing gap junction closure and a decrease in the numﬁ%? incluyen poliuria intensiva e hiperglucemia. Durante la DM,

of gap junctions in diabetic heart (Let al, 2006). The ay cambios hormonales en la glandula sup_rarrenal. Los carpbnos
ultraestructurales de las células adrenocorticales y de la médula

f"OpOd'a_ are associated with the gap junction (Ma_ttllla g_éuprarrenalysus efectos sobre la interaccion adrenocorticomedular
Lappalainen, 2008). Therefore, large numbers of filopodig, se han investigado completamente. Este estudio evalug las cé-
may serve as an additional cellular communication systefjlas adrenocorticales y de la médula suprarrenal y las interacciones
In addition, a decrease in the diameter of cortical capillari@grenocorticomedulares a niveles ultraestructurales en un modelo
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