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1 | INTRODUCTION

Patients with poorly controlled diabetes mellitus exhibit
altered endocrine and neuroendocrine function. In particular,
responsiveness of the hypothalamic-pituitary-adrenal (HPA)

Summary

This study was designed to investigate the HPA-axis impairment in the streptozo-
tocin (STZ)-diabetic gerbils (Gerbillus gerbillus). Twenty-six male gerbils (body
weight ~27 g) were divided into 3 groups: vehicle control (n = 10), 2 days of dia-
betes (n = 09) and 30 days of diabetes (n = 07). The latter 2 groups received an
intraperitoneal injection of STZ (150 mg/kg of body weight). At 2 and 30 days of
diabetes, streptozotocin-diabetic gerbils underwent a retro-orbital puncture for
assessment of biochemical and hormonal parameters. Subsequently the animals
were decapitated and the adrenal glands were removed, weighed and processed
for light microscopy and stereology. Nondiabetic control gerbils that had been
injected with citrate buffer were examined as a comparison. At 2 days of diabetes,
STZ gerbils exhibited symptoms that are characteristic of human diabetes type 1.
The adrenal gland showed significant increase in weight, associated with a larger
cortex layer, hypertrophy of the fasciculate cells and a significant decrease in the
nucleocytoplasmic index. These changes were associated with higher plasma
ACTH and cortisol concentrations compared to nondiabetic controls. At 30 days
postdiabetes, ACTH levels remained elevated, whereas cortisol levels decreased
compared to the early stage of diabetes. Histological analysis revealed the exis-
tence of a band of connective tissue (collagen) that separates the cortical and
medullary zones and is not present in humans or laboratory rodents, which repre-
sents a striking change seen throughout the disease. STZ-induced diabetes mellitus
in Gerbillus gerbillus resulted in hyperactivation of the HPA axis in the early
stages of diabetes mellitus which did not persist into the final stages of the dis-

ease, suggesting a possible reduction in adrenocortical sensitivity over time.
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axis is disrupted in insulin-dependent diabetic patients.'?
Various neurohumoral systems are involved in the develop-
ment and progressive advancement of diabetes mellitus as
well as its complications, including activation of the HPA
axis. Elevated glucocorticoid levels, which are a hallmark
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of increased activation of the HPA axis, have been reported
in diabetic patients by many research groups.'=>

There have been several previous reports on STZ-
diabetic rats.>>*® Tkachuk”'® demonstrated changes in the
HPA axis at multiple levels such as increased hippocampal
mineralocorticoid receptor (MR) mRNA expression, increased
hypothalamic corticotropin-releasing hormone (CRH) mRNA
expression and elevated circulating ACTH levels, all of which
may contribute to hypersecretion of corticosterone in diabetes.
The fact that pituitary-adrenal activity remained elevated in the
face of increased corticosteroid receptor expression led the
authors to conclude that glucocorticoid negative feedback is
reduced in STZ-diabetic animals. The latter was confirmed
using a dexamethasone suppression test.®

In the STZ-diabetic mouse,'' at 2 and 11 days of dia-
betes, the HPA axis readily reached a new set point charac-
terized by high circulating corticosterone, low ACTH
levels and enhanced adrenocortical sensitivity. Surprisingly,
ACTH levels were never elevated after diabetes onset even
though hypercorticosteronaemia was present. These results
are consistent with a study by Dallman et al'* showing that
in response to food deprivation, corticosterone levels
increase independent of an ACTH surge, suggesting an
acute rise in adrenal sensitivity.

These alterations have mainly been attributed to effects
exerted at higher levels of the HPA axis, and several
authors suggest this phenomenon may be a consequence of
the disease at the level of the adrenal gland."*®!'! In addi-
tion, these changes were mainly described in rodent models
with shorter duration of diabetes, and little work has been
done to characterize the morphological and functional
changes of the system in later stages of the disease.

According to Poulet,'? the adrenal glands of the gerbils
are much closer to the adrenals of the human species, due
to their high concentration of ascorbic acid and also by
their high secretion of cortisol.

Therefore, the objective of this study was to compare
morphological and functional changes in the adrenal gland
in short and longer duration of diabetes with assessment of
hormonal changes in relation to the HPA axis, using the
STZ-diabetic gerbil as a model of type 1 diabetes.

2 | METHODS

2.1 | Animals

Wild male gerbils (n = 26), with an initial body weight of
~27 g, were captured from the region of Béni Abbes,
Béchar, Algeria, and then transported to our laboratory
where they were allowed to acclimate for a period of
2 weeks before the start of experimentation.

During this time, they were housed under standard labora-
tory conditions: constant temperature of 26-28°C, a 12-hour

: _ 173
{...m..".o..u JouRNAL oF gxag%rg,ﬂ‘;g‘;al m_wl LEYJ'

light cycle (lights on between 07:00 and 19:00 hours) and
ad libitum access to food (salad, carrot and some barley).

Gerbils were divided into the following groups: nondia-
betic (control, n = 10), 2 days of diabetes (acute, n = 09)
and 30 days of diabetes (chronic, n = 07).

Throughout all experimental procedures, the animals
were maintained in an animal research facility according to
institutional guidelines for animals’ care (Directive 2010/
63/EU).

2.2 | Ethical approval

This article does not contain any study with human partici-
pants. All procedures performed in this study involving
animals were in accordance with the ethical standards of
Institutional Animal Care and Use Committee of Bab
Ezzouar University (Algiers, Algeria; permit number for
the present research project: DOINO1UN160420130021)
and have been achieved according to the Executive Decree
no. 10-90 completing the Executive Decree no. 04-82 of
the Algerian Government, establishing the terms and mod-
alities of animal welfare in animal facilities.

2.3 | Preparation of streptozotocin (STZ) and
induction of diabetes mellitus

Streptozotocin (Sigma S0130 (PROCHIMA-SIGMA, Tlem-
cen, Algeria)) was dissolved in sodium citrate buffer
(0.1 mol/L, pH 4.4) prepared freshly in the morning for
immediate administration within 5 minutes.

The diabetogenic agent was injected intraperitoneally at
a dose of 150 mg/kg body weight. Control gerbils received
an intraperitoneal injection of an equivalent volume of
citrate buffer vehicle.

2.4 | Experimental protocol

Twenty-four to forty-eight hours postinjection, gerbils with
blood glucose levels greater than 2.5 g/L. were considered
diabetic. At 2 and 30 days of diabetes, animals were
weighed and urine volume was measured. Blood samples
were taken from retro-orbital venous plexus, into heparin
and EDTA tubes; then, the gerbils were sacrificed by
decapitation. Plasma samples were separated, aliquoted into
storage tubes and stored at —20°C for analysis of biochemi-
cal parameters (triglyceride and total cholesterol) and at
—80°C for hormones (ACTH, cortisol and insulin).

2.5 | Analysis of biochemical and hormone
parameters

Blood glucose was measured using the Accu-Chek Com-
pact glucometer (Roche Diagnostics, Mannheim, Germany).
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Serum triglyceride (TG) levels and total cholesterol (TC)
were determined spectrophotometrically using enzymatic
colorimetric assay kits (Spinreact, Spain). Plasma insulin,
ACTH and cortisol concentrations were measured by che-
miluminescence immunoassay, using immunoassay analy-
zer Cobas e411 (Roche diagnostics).

2.6 | Histological and morphometric analyses

The adrenal glands were quickly removed, weighed and dis-
sected from fat tissue under sterile conditions. The left adrenal
gland from each animal was used for histology and morpho-
metric analysis. Three glands from each treatment group were
used for morphometric examination. These adrenals were
fixed in Bouin's solution and embedded in paraffin. Subse-
quently, they were serially sectioned (5 pm) and stained with
haematoxylin and eosin for stereology. In addition, we used
the Masson's trichrome stain for histological examination.

Stereological analysis of every 3 sections from one half
of each gland was performed using AxioVision ver. 4.6.
Cortex, fasciculate zone, connective band and lipid droplet
length were measured in each single section from 6 fields.
The area of fasciculate cells and nucleus was measured
from 3 fields of each section.

The nucleocytoplasmic index (NCj,q.x) Was calculated
using the formula:

NCingex = nucleus area(N) /cytoplasm area(C).

2.7 | Statistical analysis

All results are expressed as mean + standard deviation.
Statistical differences were evaluated using Kruskal-Wallis
test followed by Mann-Whitney post hoc analysis for hor-
mone responses and Student's ¢ test for biochemical analy-
sis and stereological evaluations. Differences are
considered statistically significant for P < 0.05.

3 | RESULTS

3.1 | Clinical symptoms and organ weight

After 2 days of diabetes, STZ- animals showed a significant
increase in blood glucose (P < 0.001), food consumption
(P < 0.01) and urine volume (P < 0.001) accompanied by a
significant decrease in body weight (P < 0.01) compared to
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FIGURE 1 Plasma ACTH and cortisol (A) and insulin (B) levels
in control and diabetic animals (48 h and 30 d of diabetes). Data are
expressed as means + SEM; n = 3-5.%P < 0.05 vs control,

##P < 0.01 vs controls and *P < 0.05 between the acute and chronic

stages of diabetes

TABLE 1 Parthophysiological measures of STZ-diabetic gerbils compared to controls

Food
Blood glucose  consumption
Treatment (g/L) (Kcal)
Control 1.12 + 0.08 6.63 + 0.97
(n = 10)
Days of 2 days (n=09) 4.47 + 0.44%* 10.11 + 0.66**

diabetes

30 days (n = 07) 3.38 & 0.57*%  13.05 & 0.22%%*

Adrenal Adrenal relative
Body Urine absolute weight
weight (g) volume (pL) weight (mg) mg/10 g BW
27.83 + 1.02 33.37 +7.26 5.36 £ 0.49 217 £0.22
2498 + 1.22% 132.5 £ 13.8*** 10.15 & 1*** 4.12 £ 0.39 ***
21.64 + 0.78%%* 8777 = 17.71*%%  9.36 £ 1.56** 4.02 = 0.76**

Data for body weight, blood glucose, food consumption, urine volume and adrenal glands’ absolute and relative weights to the body weight (BW) in control and

STZ-diabetic gerbils in the acute (2 days) and chronic stages of diabetes (30 days).

Data are expressed as mean + SEM; n = 7-10.
*P < 0.05.

**P < 0.01.

##%P < 0.001 vs controls.
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FIGURE 2 Total cholesterol (TC) and triglyceride (TG) levels in
control and diabetic animals (after 2 and 30 d of diabetes). Data are
expressed as means + SEM; n = 7-10. ***P < 0.001 vs controls, and
##¥p < 0.001 between acute and chronic stages of diabetes

nondiabetic control animals (Table 1). At 30 days of dia-
betes, these clinical symptoms still persisted. The weight of
the adrenal glands—both the absolute and the relative weight
to the body weight (BW)—exhibited a significant increase in
the STZ-treated group at both stages of the disease compared
to controls (Table 1).

02 d diabetes

Diabetes onset is according to the first measured hyper-
glycaemia after STZ injection.

3.2 | Blood hormonal and biochemical
parameters

Plasma ACTH levels in the STZ- group were significantly
higher (P < 0.05) than in the control group (Figure 1A).
At 30 days of the disease, ACTH levels remained elevated
(P < 0.05). Within 2 days after the onset of diabetes, STZ-
treated gerbils showed significant increases in plasma corti-
sol levels (P < 0.01), whereas at 30 days of the disease,
cortisol levels decreased significantly (P < 0.05) from the
2-day time point, but still remained significantly elevated
(P < 0.05) than those of the control group (Figure 1A).

In the early stage of diabetes (Figure 1B), insulin levels
in STZ-treated gerbils were significantly lower (P < 0.01)
than those of control gerbils. These low levels persisted to
the 30-day time point of our experiment (P < 0.05).

Serum triglyceride (TG) levels in the STZ-treated group
increased ~4-fold within 48 hours after the onset of dia-
betes (Figure 2). This was significantly higher (P < 0.001)
than that in the control group. The serum TG levels still
remained significantly higher (P < 0.001) at 30 days of

FIGURE 3 Histological characterization of the fasciculate zone of Gerbillus gerbillus adrenal gland using Masson's trichrome staining

(collagen fibres stained by green). Control adrenal gland (A,D): zona fasciculata shows an equal distribution of lipid droplets (*) and granular

cytoplasm. In the acute stage of diabetes (B,E), the zona fasciculata shows a dark and a light region with hypertrophic cells. At higher

magnification (E), the light regions of the zona fasciculata show clear cells, field with lipid, whereas the dark regions show eosinophilic cells

with plenty of granular cytoplasm. In the chronic stage of diabetes (C,F), the zona fasciculata manifests an extensive adrenocortical hyperplasia

with extensive fat infiltration (*) and interstitial fibrosis (black arrow) [Colour figure can be viewed at wileyonlinelibrary.com]
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Control
Cortex length (um) 436.38 + 16.82
Connective band 2532 + 2.41
length (pum)
Fasciculate zone 330.51 + 14.35
length (pm)
Fasciculate zone 161.88 + 8.83
cell surface area (pmz)
Nucleocytoplasmic 0.340 + 0.01
index of fasciculate
cells (NCI)
Lipid droplet length in 8.71 = 0.55
the connective
band (pm)

Days of diabetes

2d
545.29 + 19.04 *¥*
175.91 + 22.15 ***

37772 £ 5.51%*

250.31 £ 17.24%#*

0.268 + 0.02*

39272 ap s

30d
700.71 + 11.28 ##*
122.58 + 9.10%#/ ##

498.82 + 7.4%%*

189.83 + 6.21*%

0.285 + 0.01**

No droplets

Morphometric analysis of adrenal cortex, fasciculate zone and connective band in control and STZ-treated
gerbils at the acute and chronic stages of diabetes.
Data are expressed as mean + SEM.

*P < 0.05.

#*P < 0.01.

##*P < 0.001 vs controls.

#p < 0.01 between acute and chronic stages of the disease.

02 d diabetes

TABLE 2 Stereological study of the STZ-
diabetic gerbils’ adrenal gland compared to
controls

FIGURE 4 Histological characterization of Gerbillus gerbillus adrenal gland, treated with vehicle (A,D) or streptozotocin at 2 d of diabetes
(B,E) and at 30 d of diabetes (C,F) by Masson's trichrome, for demonstrating collagen fibres. Control adrenal gland (A,D) shows a thin line of
collagen fibres, stained by green (arrow) lying between the cortex (Cyx) and medulla (m). In the acute stage of diabetes (B,E), the connective
band exhibits an increase in collagen fibres, large lipid droplets (X) with abundant blood vessels (sinusoids *), lymphocyte infiltration
(arrowhead) and increased fibrous and scattered fibroblast (thick arrow) content. In the chronic stage of diabetes (C,F), the connective band
shows focal fibrosis resulting in thickening, and distortion, which likely indicates macrophage infiltration (curved arrow) and dilated blood
vessels (¥); at this stage, lipid droplets disappeared completely [Colour figure can be viewed at wileyonlinelibrary.com]
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diabetes compared to controls. However, these levels were
significantly lower (P < 0.001) compared to the previous
period of experimentation. Total cholesterol (TC) was simi-
lar between diabetic and nondiabetic control animals.

3.3 | Adrenal gland histology

In the early stages of diabetes (Figure 3B,E), the fasciculate
zone exhibited a significant increase in length (P < 0.01),
with more cellular hypertrophy (Table 2), compared to con-
trols. There were scattered light and dark regions of exten-
sive lipid content and granular cytoplasm (Figure 3A,D)
indicative of uneven active storage, synthesis and release
of glucocorticoids, and these results corroborate the find-
ings of Wexler and Lutmer'* on STZ-treated rats’ adrenal
glands. The length of the fasciculate zone was still signifi-
cantly (P < 0.001) increased in the later stages of the dis-
ease with fat infiltration and interstitial fibrosis (Figure 3C,
F; Table 2) compared to controls.

Compared to controls, at 2 days after diabetes onset, the
adrenal glands of STZ-treated gerbils exhibited a dramatic
infiltration of collagen (Figure 4) that was highlighted by a
significant increase in the thickness of the connective band
(Table 2) that separates the cortisol and medullar zones.
This includes fibrous connective tissue with numerous large
lipid droplets, accompanied by abundant fibroblasts and
lymphocyte infiltration and blood vessels. This suggests
fibrosis that occurs in early diabetes and distorts the
architecture of the gland.

In the later stages of the disease, the thickness of the
connective band decreased significantly (P < 0.01; Table 2)
compared to the previous period of the disease, but it still
remained thicker (P < 0.001) than in the control group. This
was composed of dense collagen with blood vessels and
macrophage infiltration (Figure 4).

4 | DISCUSSION

The HPA axis plays an important role in maintaining
homoeostasis. It is a part of the neuroendocrine system and
regulates glucocorticoid production and release in response
to environmental as well as physiological and psychological
stressors. Activation of the HPA axis requires concomitant
interaction between the sympathetic nervous system, neurons
in the paraventricular nucleus of the hypothalamus (PVN)
and peptidergic mediators in the anterior pituitary resulting
in release of glucocorticoids from the adrenal glands into the
circulation. In healthy individuals, cortisol levels are regu-
lated by a negative feedback mechanism where cortisol acts
on both mineralocorticoid and glucocorticoid receptors
located in the brain and pituitary gland to suppress corti-
cotrophin-releasing hormone (CRH) and AVP (arginine
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vasopressin) release. Together, these actions inhibit ACTH
release. Hyperactivity of the HPA axis leads to increased
plasma glucocorticoids levels in diabetic patients which can
adversely affect glycaemic control.'* However, the mecha-
nism(s) underlying hyperactivation of the HPA axis in dia-
betes remain unclear. Hence, the objective of this study was
to evaluate the effect of diabetes on pituitary-adrenocortical
function in the STZ-diabetic gerbil by assessing morphologi-
cal changes in the adrenal gland and changes in hormones in
both the early and late stages of diabetes mellitus.

Compared to controls, a single intraperitoneal injection
of 150 mg/Kg of streptozotocin in the gerbil resulted in the
major clinical symptoms of type 1 diabetes melitus includ-
ing hyperglycaemia, polyuria, cachexia, hyperphagia and
hypoinsulinaemia which are consistent with other reports in
STZ-diabetic animals('®!73%33),

At both the acute and chronic stages of diabetes, strik-
ing morphological changes occurred at the level of the
adrenal gland. These changes were highlighted by signifi-
cant increases in the relative and absolute weights of the
adrenals which are similar to previous reports in STZ-dia-
betic rats and mice (>'%11183h Of particular interest is
that the histology of the gerbil's adrenal gland shows the
existence of a fibrous tissue layer that separates the cortex
from the medullar zone. This layer is not present in labora-
tory rodents nor in humans. This connective band is mostly
collagenous and varies much in thickness. This layer may
be similar to that found in the adrenal of Saharan animals,
such as the camel."®

Compared to controls, in the early stages of diabetes,
significant changes in the connective band were observed,
which deform the morphological structure of the organ.
This layer was much broader and had plenty of lipid dro-
plets which are indicative of active lipid storage and may
help explain changes in the lipid profile that we observed
as there were significant increases in triglyceride levels, but
not in total cholesterol after onset of diabetes. This was
described by Gylling et al** associated with a high absorp-
tion and low synthesis of marker sterols, which is charac-
teristic of type I diabetes in humans. These changes were
marked by an abundant increase in vascularization, lym-
phocyte infiltration and fibrosis, and these findings are sim-
ilar to those found in the adrenal medulla (lymphocytic
infiltration and fibrosis) of patients with type 1 diabetes.?'
In the later stages of diabetes, the connective band shows
severe fibrosis with abundant and dilated blood vessels and
likely macrophage infiltration, which could indicate an
inflammatory response in the adrenal gland. These cells are
likely macrophages as they are present throughout the adre-
nal cortex particularly in the deeper layers,”* and they are
reported to extend long projections between the endocrine
cells and localizing close to blood vessels.”> Macrophages
have a central role in initiating and perpetuating
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inflammation in response to injury.>* Diabetes promotes an
inflammatory macrophage phenotype as macrophages iso-
lated from mouse models of type 1 diabetes exhibit an
inflammatory phenotype.?

In both the earlier and later stages of diabetes, stereological
analysis showed a significant increase in the cortex and zona
fasciculata length. The latter showed cellular hypertrophy with
a significant decrease in the nucleocytoplasmic index indica-
tive of cell hyperactivity which is observed in the adrenal
glands of STZ rats and mice.”'®'" These alterations reflect
prolonged exposure to high ACTH levels as described by sev-
82629 \which may explain the significant
increase in cortisol secretion found in these animals. Our data
are consistent with the concept of HPA hyperactivation as evi-
denced by increased plasma ACTH and cortisol and adrenal
gland hypertrophy that accompany experimental diabetes and
have been well described in humans.'>”-!

Thirty days after the onset of diabetes, our data show a
constant hyperfunctioning of pituitary-adrenal activity as
indicated by significantly elevated plasma ACTH and corti-
sol compared to controls, which is in agreement with find-
ings in STZ-diabetic rats®’ indicating that chronic exposure
to elevated glucocorticoid levels reduces the sensitivity of
HPA axis to negative feedback effects of these hormones.
Chan et al®’ suggested that in STZ-diabetic rats, this may
be an adaptation which helps reduce exposure to high glu-
cocorticoid levels. Likewise, hyperactivation of the HPA
axis in diabetic patients may be attributable, in part, to
decreased glucocorticoid negative feedback sensitivity.’

Despite progressive and persistent adrenocortical hyper-
plasia in the later stages of the disease and despite lipid
infiltration in the fasciculate zone, the adrenal cortex of the
diabetic animals was unable to maintain the initial high
level of cortisol production, as evidenced by the significant
decrease in plasma cortisol concentrations by 30 days
(P < 0,05) compared to the early stage of the disease. The
reduction occurred despite continually elevated plasma
ACTH concentrations. This is a novel observation that may
explain why we do not always see elevated cortisol in
patients with type 1 diabetes.'""> Our findings of a
decrease in cortisol levels in STZ-diabetic gerbils are con-
sistent with those reported by De Nicola et al in STZ-Wis-
tar rats.® The decrease in cortisol at 30 days of diabetes
may be influenced by increased oxidative stress as indicted
by Repetto et al,®> who reported that long-term diabetes led
to increased endogenous nitric oxide (NO) production
which can inhibit steroid production. Similar results were
reported by Astort et al,'> who showed that long-term
exposure to hyperglycaemia increased oxidative stress and
decreased steroid production in adrenal cells. Cymeryng et
al’® suggested that steroidogenesis in zona fasciculata
adrenal cells may be negatively modulated by L-arginine-
derived nitric oxide. Nevertheless, decreases in adrenal

eral laboratories

sensitivity to ACTH in the later stages of diabetes could be
established, as was reported in STZ-diabetic rats where the
response to an ACTH challenge was reduced.®® These
mechanisms will have to be tested in the future.

5 | CONCLUSION

Gerbillus gerbillus made diabetic with a single intraperi-
toneal injection of STZ, at a dose of 150 mg/kg, developed
type 1 diabetes mellitus, characterized by hyperglycaemia,
hypoinsulinaemia and striking loss of body weight. At early
and late stages of diabetes, the STZ-diabetic gerbil's adrenal
glands manifest an important hypertrophy. Histological anal-
ysis showed an increase in the cortex and connective band
length with fasciculate zone hyperfunction and lipid droplet
invasion. The connective band shows signs of inflammation
characterized by the presence of lymphocytes, abundant
blood vessels and fibrosis in the early stages of diabetes, fol-
lowed by macrophage infiltration and severe fibrosis in the
later stages of the disease. With longer duration of diabetes,
there is a decrease in glucocorticoid secretion despite higher
plasma ACTH levels compared to the early stage of the dis-
ease that may be explained by a decrease in adrenocortical
sensitivity. Together, these findings show that long-term dia-
betes may elicit changes in the adrenal gland that demon-
strate continual dysregulation of the HPA axis.

Future immunohistochemical evaluation of macrophage
cells and ACTH and cortisol mRNA expression will cor-
roborate our results.
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