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Objective: Heterogeneous clinical characteristics are observed in acquired isolated
adrenocorticotropic hormone (ACTH) deficiency (IAD); however, its classification
remains to be established because of its largely unknown pathophysiology. In IAD, anti-
pituitary antibodies have been detected in some patients, although their significance
remains unclear. Therefore, this study aimed to classify patients with IAD and to clarify the
significance of anti-pituitary antibodies.

Design and Methods: We analyzed 46 consecutive patients with IAD. Serum anti-
pituitary antibodies were analyzed via immunofluorescence staining using a mouse
pituitary tissue. Principal component and cluster analyses were performed to classify
IAD patients based on clinical characteristics and autoantibodies.

Results: Immunofluorescence analysis using the sera revealed that 58% of patients
showed anti-corticotroph antibodies and 6% of patients showed anti-follicular stellate cell
(FSC) antibodies. Principal component analysis demonstrated that three parameters
could explain 70% of the patients. Hierarchical cluster analysis showed three clusters:
Groups A and B comprised patients who were positive for anti-corticotroph antibodies,
and plasma ACTH levels were extremely low. Groups A and B comprised middle-aged or
elderly men and middle-aged women, respectively. Group C comprised patients who
were positive for the anti-FSC antibody and elderly men; plasma ACTH levels were
relatively high.

Conclusions: Patients with IAD were classified into three groups based on clinical
characteristics and autoantibodies. The presence of anti-corticotroph antibody
suggested severe injury to corticotrophs. This new classification clearly demonstrated
the heterogeneity in the pathogenesis of |IAD.

Keywords: isolated ACTH deficiency, hypopituitarism, anti-pituitary antibody, anti-corticotroph antibody, anti-
follicular stellate cell antibody, classification, principal component analyses, cluster analyses
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INTRODUCTION

Isolated adrenocorticotropic hormone (ACTH) deficiency (IAD) is
characterized by secondary adrenal insufficiency with low or no
cortisol production and normal secretion of pituitary hormones
other than ACTH (1). IAD is categorized as congenital [e.g., T-box
transcription factor (TPIT) or proopiomelanocortin (POMC)
mutation (2, 3)] and acquired. The prevalence of acquired IAD
was reported to be 3.8 to 7.3 per 100,000 people (4), and the
pathogenesis of acquired IAD is mostly unclear. Some cases of
acquired IAD have been reportedly associated with autoimmune
diseases, including autoimmune thyroid diseases (5); anti-pituitary
antibodies, such as anti-corticotroph antibody, in the serum (6, 7);
and hypophysitis related with anti-programmed death 1 or anti-
programmed death ligand 1 antibodies (8). These data strongly
suggest that autoimmune etiology is involved in the pathogenesis of
acquired IAD (1, 9). Interestingly, a case of acquired IAD as a form of
paraneoplastic syndrome caused by autoimmunity to corticotrophs
has been reported (10). However, the pathophysiological
significance of these autoantibodies remains unclear.

Several reports have investigated the histopathology of
pituitary tissues in acquired IAD cases. In autopsy cases of
acquired IAD, the anterior pituitary gland was atrophic with
the disappearance of ACTH-positive cells accompanied by
fibrosis and infiltration of lymphocytes (11, 12), suggesting that
the acquired IAD development was associated with cell-mediated
cytotoxicity. Conversely, other autopsy cases showed normal
pituitary glands without evidence of inflammation and fibrosis
(13). These contrasting reports suggest that the pathogenesis of
acquired IAD is heterogeneous; however, its classification
remains to be established.

Therefore, this study aimed to classify patients with IAD and
to clarify the significance of anti-pituitary antibodies.

METHODS

Subjects
This study was approved by the ethics committee of the Kobe
University Graduate School of Medicine and Hyogo Prefectural

Kakogawa Medical Center. Patients provided written informed
consent for the analysis. A total of 46 consecutive patients with
acquired idiopathic IAD at Kobe University Hospital and Hyogo
Prefectural Kakogawa Medical Center between 1992 and 2018
were recruited and analyzed retrospectively (Table 1). Acquired
IAD was diagnosed as previously described (1). Briefly, to
evaluate the corticotroph function, an insulin tolerance test
(ITT) was performed; however, a corticotropin-releasing
hormone test was performed if ITT was not applicable. In this
study, acquired IAD was diagnosed when the hypothalamic-
pituitary-adrenal axis was solely impaired (1). Autoimmune
thyroid disease was diagnosed with a presence of anti-thyroid
antibodies and/or clinical course and the results of thyroid ultra
sonography. Our cohort did not include patients with congenital
IAD in terms of their clinical course and age at diagnosis. Cases
with exogenous steroid administration were carefully excluded.

Immunofluorescence Staining Using a
Mouse Pituitary Tissue

We analyzed the sera obtained from 33 patients (among the 46
patients). Sera from five healthy subjects were used as controls.
Mouse experiments were performed according to the guidelines
of the Animal Ethics Committee of Kobe University Graduate
School of Medicine, and the experimental protocols were
approved by the Institutional Animal Care and Use
Committee. The detection for anti-pituitary antibodies was
based on indirect immunofluorescence methods. The pituitary
tissues of 3-month-old C57BL/6 mice were used for
immunofluorescence staining. Tissue specimens were fixed in
4% paraformaldehyde, dehydrated in graded ethanol, and
embedded in paraffin. For immunofluorescence staining,
blocking of Fc receptor and quenching lipofuscin
autofluorescence were performed using an Fc receptor blocker
(Innovex, Richmond, CA) and True-Black quencher (1:20 in
70% ethanol, Biotium, Hayward, CA), respectively (14). Patients’
serum (25-fold dilution), anti-ACTH antibody (200-fold
dilution, Ab74976, Abcam, Cambridge, MA), and anti-S100P
antibody (100-fold dilution, Ab52642, Abcam) were used as
primary antibodies. Goat anti-human immunoglobulin G
Alexa Fluor 488 and donkey anti-rabbit Alexa Fluor 546 were

TABLE 1 | Clinical characteristics of patients.

Number of the patients (men/women)

Age at diagnosis (men/women)

Length of disease duration before blood sampling for anti-pituitary antibodies (years)

Plasma ACTH level at diagnosis
(men/women) (pg/mi)
Complicating autoimmune diseases and/or autoantibodies (%)

Number of presence of anti-corticotroph antibody
Number of presence of anti-FSC antibody
Total number (patients)

46 (29 (63%)/17 (37%))
(62.8 £ 9.3/50.1 £ 13.0)
58.1 +12.3
(62.8 £ 9.3/50.1 £ 13.0)
7.1 +£6.0
55+89/39+54

Autoimmune thyroid diseases* 30
Other autoimmune diseases™* 17
19
2
46

*In fact, fourteen patients (30%) were diagnosed with autoimmune thyroid disease, but eleven patients show anti-thyroid antibodies. Eight chronic thyroiditis, one Graves’ diseases, one
patient with anti-Tg, TPO, and TSH receptor antibodies, and one patient with anti-TG and TSH receptor antibodies.
**One patient with rheumatoid arthritis and rheumatic fever, one ulcerative colitis, one immunoglobulin A (IgA) nephropathy, one alopecia areata, and five patients with anti-nuclear

antibody.
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used as secondary antibodies for immunofluorescent signal
detection (500-fold dilution, Molecular Probes, Eugene, OR).
Antibodies were diluted in Can Get Signal Immunostain B
(TOYOBO, Osaka, Japan). Images were obtained using a BZ-
8100 microscope (Keyence, Osaka, Japan).

Statistical Analyses

Statistical analyses were performed using JMP Statistical
Database Software version 14.2.0 (Statistical Analysis System
Institute, Cary, NC, USA). Principal component analysis (PCA)
and hierarchical cluster analyses were performed using six
clinical parameters (age at diagnosis, sex, plasma ACTH level
at diagnosis, concomitant autoimmune diseases, and positivity
for anti-corticotroph antibody or anti-FSC antibody).

RESULTS

Clinical Characteristics of Patients

A total of 46 patients with acquired IAD were recruited and
analyzed retrospectively (Table 1). Patients predominantly
comprised men (63%). The age of disease diagnosis was 58.1 +
12.3 years and was older in men than that in women (62.8 £ 9.3
vs. 50.1 * 13.0 years). It has been reported that the sex ratio of
acquired IAD is slightly predominant in men, and the age at
diagnosis of men was older than that of women (15). Our cohort
was consistent with this report. Moreover, 28% of patients had
complicated autoimmune diseases (eight chronic thyroiditis, one
Graves’ disease, one rheumatoid arthritis and rheumatic fever,
one ulcerative colitis, one immunoglobulin A nephropathy, and
one alopecia areata). These patients were divided into two groups
according to the type of complicating autoimmune diseases:

autoimmune thyroid diseases and others (Table 1).
Furthermore, 41% of patients exhibited autoantibodies (11
patients, anti-thyroid antibodies; five, anti-nuclear antibodies;
two, rheumatoid factor; and one, single-stranded DNA
antibodies) in the serum.

Anti-Pituitary Autoantibodies

Some patients with acquired IAD have been reported to exhibit
serum anti-corticotroph antibodies (16). We analyzed the serum
anti-pituitary antibodies in 33 patients using the mouse pituitary
tissue by immunofluorescence staining. Among them, 19 (58%)
showed the presence of anti-corticotroph antibody in the sera.
Figure 1A shows the positive staining of pituitary cells, which
merged with ACTH-positive cells, indicating the presence of
anti-corticotroph antibody. In contrast, 42% of patients showed
negative staining (Figure 1B). Interestingly, two patients showed
positive staining for pituitary cells, but the staining did not merge
with ACTH-positive cells (Figure 1C). We found that these
positive cells merged with S100 B-positive cells, a marker for
FSCs (Figure 1D). These data clearly demonstrated that
autoimmunity to the pituitary in patients with acquired IAD
was heterogeneous.

Classification of Patients Using Principal
Component and Cluster Analyses

In addition to the patients’ clinical characteristics, we included
the information of autoantibodies against the pituitary cells.
All the requisite data were available in 29 patients and we
analyzed these patients. Patients were classified using PCA and
hierarchical cluster analysis. For these analyses, six clinical
parameters were included: age at diagnosis, sex, plasma ACTH
level at diagnosis, complicating autoimmune diseases, presence

FIGURE 1 | Immunofluorescence analysis using mouse pituitary tissue. (A) Patient’s serum recognized ACTH-positive cells. (B) Control serum showed negative
staining. (C) Patient’s serum recognized ACTH-negative cells. (D) Patient’s serum recognized S100b-positive cells.
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of anti-corticotroph antibody, and presence of anti-FSC antibody
(Table 3). PCA could reduce these six clinical parameters into
three new parameters, known as the principal components
(PCs). These three PCs could explain approximately 70%
(cumulative contribution ratio) of all the data (Table 2). When
varimax rotation was used, each PC was more clearly described
based on parameters showing high correlation: PC 1, age and sex;
PC 2, presence of anti-FSC antibody or anti-corticotroph
antibody and plasma ACTH level at diagnosis; and PC 3,
complicating autoimmune diseases (Table 3). Next,
hierarchical cluster analysis was performed using the same
parameters. This analysis also revealed three clusters: groups A,
B, and C (Figure 2A) and resulted in the same group
classification (Figure 2B). The characteristics of these groups
are shown in Table 4. Groups A and B comprised patients who
were positive for the anti-corticotroph antibody with extremely
low plasma ACTH levels. Groups A and B comprised middle-
aged or elderly men and middle-aged women, respectively.
Group C comprised patients who were positive for the anti-
FSC antibody and elderly men with relatively high plasma ACTH
levels. A three-dimensional scatter plot showed clear
discrimination of each cluster of the group, suggesting that
these groups had different pathophysiologies (Figure 3).

DISCUSSION

As a pathogenesis, acquired IAD is associated with variable
conditions, including lymphocytic hypophysitis (17), traumatic
brain injury (18), Sheehan’s syndrome (19), and empty sella
syndrome (20) on rare occasions. However, most cases are
idiopathic (1). Although several lines of evidence suggest that
pituitary autoimmunity is involved in the pathogenesis, clinical
characteristics are heterogeneous. In this study, we demonstrated

TABLE 2 | Principle component analysis using six clinical parameters.

Cummulative
contribution ratio

Principal components Eigenvalue Contribution ratio

1 1.76 29.32 29.32
2 1.38 23.03 52.36
3 1.03 17.18 69.54
4 0.76 12.70 82.24
5 0.63 10.53 92.76
6 0.43 7.24 100.00

TABLE 3 | Factor burden for each clinical factor in three principal components.

PC 1 PC 2 PC3
Age 0.86 0.13 -0.12
Sex 0.83 0.02 0.05
ACTH level at diagnosis 0.22 0.62 0.25
Complicating autoimmune diseases -0.07 0.04 0.97
Presence of anti-corticotroph antibody 0.28 -0.78 0.17
Presence of anti-FSC antibody 0.20 0.72 0.02

Clinical factors with a large absolute value of factor burden were shown in bold. It means
that these clinical factors are strongly involved in the PC.

that idiopathic acquired IAD can be classified into three groups,
based on PCA and cluster analysis using the clinical
characteristics and type of anti-pituitary antibodies. We
identified two anti-corticotroph antibody-positive groups and
one anti-FSC antibody-positive group. Interestingly, clinical
characteristics were evidently different between these groups,
suggesting that they have different pathophysiologies. Bensing
et al. reported that the sera obtained from 34% of patients with
acquired IAD showed immunoreactivity toward the 49-kDa and
36-kDa proteins in human pituitary tissues (21). They
demonstrated that the sera of 15, 12, and 6% of patients
showed immunoreactivity toward the 49-kDa protein, 36-kDa
protein, and both, respectively, indicating the presence of various
antigens, although the antigen was not identified. Our study
demonstrated the two different anti-pituitary antibodies, anti-
corticotroph antibody (58%) and anti-FSC antibody (6%).
Although anti-corticotroph antibody has been reported in
patients with acquired IAD (6, 7), the presence of anti-FSC
antibody was first noted in this study. The pathogenesis is
suggested to be different among these conditions.

In this study, patients were classified into three groups:
groups A and B comprising patients who were positive for the
anti-corticotroph antibody with extremely low plasma ACTH
levels. Groups A and B comprised middle-aged or elderly men
and middle-aged women, respectively. Group C comprised
patients who were positive for anti-FSC antibody and elderly
men with relatively high plasma ACTH levels. Interestingly,
groups A and B comprised patients with anti-corticotroph
antibody with extremely low ACTH levels. These data suggest
that corticotrophs were severely injured in the presence of anti-
corticotroph antibody, although its causal role or destructive
results remain unknown. In contrast, the presence of anti-FSC
antibody was associated with relatively high ACTH levels in
group C, suggesting an indirect or functional impairment of
the corticotroph.

FSCs are characterized by S100p expression and have a star-
like appearance (22-24). Several functions of FSCs have been
proposed including the following: (1) scavenger activity, (2)
intercellular communication, (3) stem cell function, and (4)
function as sustentacular cells by providing mechanical
support and modulating the function of hormone-secreting
cells by producing various growth factors and cytokines, such
as the basic fibroblast growth factor, vascular endothelial growth
factor, interleukin (IL)-6, and leukemia inhibitory factor (25, 26).
Several functional links have been reported between FSCs and
corticotrophs. Horiguchi et al. succeeded in separating S100[-
positive cells into round-cell (dendritic cell-like) and process-cell
types (27). They found that dendritic-cell-like round-type S100(3-
positive cells specifically express a proton-sensitive receptor,
Gpr68, and in acidic condition, via Gpr68, these cells and
respond by the production of IL-6 to suppress POMC
expression as a paracrine manner (28). Additionally, CXCL10
and its receptor, CXCR3 were expressed by dendritic-cell-like
round-type S100B-positive cells and corticotroph, respectively.
IFN-vy induces the expression of CXCL10 in dendritic-cell-like
round-type S100B-positive cells. Up-regulated CXCL10 suppress
ACTH production in corticotroph via CXCL3. Thus, paracrine
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Group B

A
| GroupA |
]

B

Group C
- Elderly male
- Anti-FSC antibody (+)
- Relatively high ACTH level

Group B

+ Middle-aged female
- Anti-corticotroph antibody (+)
+ Low ACTH level

- Middle-aged male

- Anti-thyroid antibody (+)

- Anti-corticotroph antibody(+)
+ Low ACTH level

categorized using cluster analysis.

FIGURE 2 | Hierarchical cluster and principal component analysis. (A) Hierarchical cluster analysis classified patients into 3 groups: Groups A, B, and C. (B) The
constellation plots based on the principal component analysis. Three components were clearly discriminated into 3 groups, which were comparable with groups

communication between dendritic-cell-like round-type S10083-
positive cells and corticotrophs through the interaction of
CXCL10/CXCR3 has been suggested (29). In addition,
CXCL10/CXCL3 signaling inhibits CRF-stimulated ACTH
secretion (30). Collectively, it is hypothesized that if the anti-
FSC antibody has a stimulating ability to promote IL-6 or
CXCL10 secretion from FSCs like TSH receptor antibody does
in Graves’ disease, a functional impairment of corticotroph may
occur, resulting in acquired IAD. To clarify the underlying
mechanisms, further investigations are necessary.

Hierarchical cluster analysis clearly categorized acquired IAD
into three groups based on clinical characteristics and the
presence of anti-pituitary antibodies. In any groups, the ratio
of anti-corticotroph antibody or anti-FSC antibody was not
100%. This may be because of the duration between the onset
of the disease and timing of blood sampling (Table 1). However,

as demonstrated by the cluster analysis and PCA, this group
classification explains all patients’ comprehensive characteristics.
One reason for the inclusion of anti-pituitary antibody-negative
patients into these groups was the sensitivity of the assay for
these antibodies. Sera were collected during the clinical course;
that is, samples were not necessarily collected at the onset of
acquired IAD, suggesting that the titer might decrease during the
clinical course.

This study has several limitations. First, as discussed above,
the sensitivity for detecting an anti-pituitary antibody may not be
sufficient. In this study, a mouse pituitary tissue was used for
immunofluorescence; the sensitivity may be improved by using
human pituitary tissue (14) and hypothetically, some of the data
may not reflect the real reactivity profile of human antigens.
Second, the total number of patients was insufficient because of
the rarity of acquired IAD. Third, sera from all patients were not
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TABLE 4 | Clinical characteristics of each group.

Age Men/Women% ACTH level Autoimmune disease Anti- Anti-FSC Features
(vears) (number) at diagnosis corticotroph  antibody %
(pg/mL) Thyroid disease Other than thyroid antibody % (number)
% (number) disease % (number) (number)
Group A 60.9 + 100/0 22+56 47 20 73 0 *  Middle-aged
(N =15, 10.3 (15/0) (7/15) (3/15) (11/15) (0/15) or elderly men
52%) +  Anti-thyroid
antibody (+)
*  Anti-corticotroph
antibody (+)
*  Low ACTH level
GroupB 453 + 0/100 3.8+58 30 30 60 0 *  Middle-aged
(N =10, 1.2 (0/10) (3/10) (3/10) (6/10) (0/10) women
34%) *  Anti-corticotroph
antibody (+)
*  Low ACTH level
GroupC 728 + 100/0 21.1 +10.3 25 0 25 50 . Elderly men
(N=4, 3.8 (4/0) (1/4) (0/4) (1/4) (2/4) +  Anti-FSC
14%) antibody (+)

¢ Relatively
high ACTH level

Anti-FSC antibody (+)

available, and the timing of blood sampling was not unified.
Nonetheless, cluster analysis and PCA clearly categorized these
classifications, indicating their clinical relevance. Fourth, we did
not analyze the titer of these autoantibodies among the patients,
that might allow more precise evaluation.

In conclusion, patients with acquired IAD were classified into
three groups based on clinical characteristics and autoantibodies.
The presence of anti-corticotroph antibody suggested severe
injury of corticotrophs. This new classification may explain the
heterogeneity in the pathogenesis of acquired IAD. Although

Group C

i ACTH level at
/ / diagnosis

» RSy

“\_Anti-corticotroph
antibody (+)

FIGURE 3 | Three-dimensional scatter plot based on PCA and cluster analysis. Three-dimensional scatter plot shows clear discrimination among the 3 groups.

further investigation is necessary, this classification provides an
important clue for understanding and clarifying the pathogenesis
of acquired IAD.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Frontiers in Endocrinology | www.frontiersin.org

February 2021 | Volume 12 | Article 578802


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Fujita et al.

Classification of Isolated ACTH Deficiency

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the ethics committee of the Kobe University
Graduate School of Medicine and Hyogo Prefectural Kakogawa
Medical Center. The patients/participants provided their written
informed consent to participate in this study. The animal study
was reviewed and approved by the Institutional Animal Care and
Use Committee of Kobe University Graduate School
of Medicine.

AUTHOR CONTRIBUTIONS

YF, HB, and GI analyzed and interpreted the data and wrote the
draft of the article. KI, HN, HF, and YT contributed to the
preparation of the patient cohort. KK, KY, RM, KS, and WO
contributed to data collection. YT contributed to the study
supervision and critical revision of the article for important

REFERENCES

. Andrioli M, Pecori Giraldi F, Cavagnini F. Isolated Corticotrophin Deficiency.
Pituitary (2006) 9:289-95. doi: 10.1007/S11102-006-0408-5
2. Couture C, Saveanu A, Barlier A, Carel JC, Fassnacht M, Fluck CE, et al.
Phenotypic Homogeneity and Genotypic Variability in a Large Series of
Congenital Isolated ACTH-Deficiency Patients With TPIT Gene Mutations.
J Clin Endocrinol Metab (2012) 97:E486-495. doi: 10.1210/J¢.2011-1659
3. Krude H, Biebermann H, Gruters A. Mutations in the Human
Proopiomelanocortin Gene. Ann N Y Acad Sci (2003) 994:233-9.
doi: 10.1111/].1749-6632.2003.Tb03185.X
4. Yamamoto T, Kamoi K. Prevalence of Maturity-Onset Isolated ACTH
Deficiency (IAD) in 2005: Japanese Cohort Studies. Endocrine ] (2008)
55:939-41. doi: 10.1507/Endocrj.K08e-146
5. Roosens B, Maes E, Van Steirteghem A, Vanhaelst L. Primary
Hypothyroidism Associated With Secondary Adrenocortical Insufficiency.
] Endocrinol Invest (1982) 5:251-4. doi: 10.1007/BF03348331
6. Sugiura M, Hashimoto A, Shizawa M, Tsukada M, Maruyama S, Ishido T,
et al. Heterogeneity of Anterior Pituitary Cell Antibodies Detected in Insulin-
Dependent Diabetes Mellitus and Adrenocorticotropic Hormone Deficiency.
Diabetes Res (Edinburgh Scotland) (1986) 3:111-4.
7. Sauter NP, Toni R, Mclaughlin CD, Dyess EM, Kritzman J, Lechan RM.
Isolated Adrenocorticotropin Deficiency Associated With an Autoantibody to
a Corticotroph Antigen That Is Not Adrenocorticotropin or Other
Proopiomelanocortin-Derived Peptides. J Clin Endocrinol Metab (1990)
70:1391-7. doi: 10.1210/Jcem-70-5-1391
8. Byun DJ, Wolchok JD, Rosenberg LM, Girotra M. Cancer Immunotherapy
—Immune Checkpoint Blockade and Associated Endocrinopathies. Nat Rev
Endocrinol (2017) 13:195-207. doi: 10.1038/Nrendo.2016.205
9. Caturegli P, Newschaffer C, Olivi A, Pomper MG, Burger PC, Rose NR.
Autoimmune Hypophysitis. Endocrine Rev (2005) 26:599-614. doi: 10.1210/
Er.2004-0011
10. Bando H, Iguchi G, Kanie K, Nishizawa H, Matsumoto R, Fujita Y, et al.
Isolated Adrenocorticotropic Hormone Deficiency as a Form of Paraneoplastic
Syndrome. Pituitary (2018) 21:480-9. doi: 10.1007/S11102-018-0901-7
11. Kubo S, Kitamura O, Orihara Y, Tsuda R, Hirose W, Nakasono I. Isolated
Adrenocorticotropic Hormone Deficiency: an Autopsy Case of Adrenal Crisis.
a Case Report. Am ] Forensic Med Pathol (1997) 18:202-5. doi: 10.1097/
00000433-199706000-00020
12. Richtsmeier AJ, Henry RA, Bloodworth JMJr., Ehrlich EN. Lymphoid
Hypophysitis With Selective Adrenocorticotropic Hormone Deficiency.
Arch Internal Med (1980) 140:1243-5. doi: 10.1001/Archinte.1980.
00330200119034

—

intellectual content. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by the Japan Society for the Promotion
of Science (KAKENHI, grant 23659477 and 26670459 [YT],
15K09431, and 18K08514 [GI], and 17K16165 [HB]),
Foundation for Growth Science (GI), Japan Agency for
Medical Research and Development (17bm0804012h0001)
(YT), Uehara Memorial Foundation (YT), and Naito
Foundation (YT).

ACKNOWLEDGMENTS

We thank K. Imura and C. Ogata for their excellent assistance.

13. Tampanaru-Sarmesiu A, Kovacs K, Singer W, Stefaneanu L, Thapar K,
Wroblewski J. @ the Pituitary in Isolated ACTH Deficiency: a Histologic,
Immunocytochemical, and in Situ Hybridization Study. Endocrine Pathol
(1996) 7:237-43. doi: 10.1007/Bf02739927

14. Ricciuti A, De Remigis A, Landek-Salgado MA, De Vincentiis L, Guaraldi F,
Lupi I, et al. Detection of Pituitary Antibodies by Immunofluorescence:
Approach and Results in Patients With Pituitary Diseases. ] Clin Endocrinol
Metab (2014) 99:1758-66. doi: 10.1210/Jc.2014-1049

15. Hashimoto K. Isolated ACTH Deficiency. Endocrinol Diabetol (1995) 1:103-11.

16. Ohara N, Kojima N, Sato T, Ikarashi T, Sone H, Oki Y, et al. Type 1 Diabetes
Mellitus and Isolated Adrenocorticotropin Deficiency Manifested by
Parkinsonism: a Case Report and Literature Review. Internal Med (2015)
54:2629-35. doi: 10.2169/Internalmedicine.54.5022

17. Escobar-Morreale H, Serrano-Gotarredona J, Varela C. Isolated
Adrenocorticotropic Hormone Deficiency Due to Probable Lymphocytic
Hypophysitis in a Man. ] Endocrinol Invest (1994) 17:127-31. doi: 10.1007/
BF03347700

18. Scoble JE, Havard CW. Anosmia and Isolated ACTH Deficiency Following a
Road Traffic Accident. Case Report. J Neurosurg (1990) 73:453-4.
doi: 10.3171/Jns.1990.73.3.0453

19. Stacpoole PW, Kandell TW, Fisher WR. Primary Empty Sella,
Hyperprolactinemia, and Isolated ACTH Deficiency After Postpartum
Hemorrhage. Am ] Med (1983) 74:905-8. doi: 10.1016/0002-9343(83)91084-7

20. Fernandez Vazquez G, Pico Alfonso A, Estopifian V, Tovar ], Zurita P,
Hurtado A. Isolated Deficit of Adrenocorticotropin Hormone (ACTH)
Associated With Primary Empty Sella Turcica. Med Clin (1986) 87:465-7.

21. Bensing S, Kasperlik-Zaluska AA, Czarnocka B, Crock PA, Hulting A.
Autoantibodies Against Pituitary Proteins in Patients With
Adrenocorticotropin-Deficiency. Eur ] Clin Invest (2005) 35:126-32.
doi: 10.1111/].1365-2362.2005.01459.X

22. Rinehart JF, Farquhar MG. Electron Microscopic Studies of the Anterior
Pituitary Gland. J Histochem Cytochem (1953) 1:93-113. doi: 10.1177/1.2.93

23. Farquhar MG. Corticotrophs’ of the Rat Adenohypophysis as Revealed by
Electron Microscopy. Anatomical Rec (1957) 127:291.

24. Kagayama M. @ the Follicular Cell in the Pars Distalis of the Dog Pituitary
Gland: an Electron Microscope Study. Endocrinology (1965) 77:1053-60.
doi: 10.1210/Endo-77-6-1053

25. Inoue K, Mogi C, Ogawa S, Tomida M, Miyai S. Are Folliculo-Stellate Cells in
the Anterior Pituitary Gland Supportive Cells or Organ-Specific Stem Cells?
Arch Physiol Biochem (2002) 110:50-3. doi: 10.1076/Apab.110.1.50.911

26. Inoue K, Couch EF, Takano K, Ogawa S. @ the Structure and Function of
Folliculo-Stellate Cells in the Anterior Pituitary Gland. Arch Histol Cytol
(1999) 62:205-18. doi: 10.1679/Aohc.62.205

Frontiers in Endocrinology | www.frontiersin.org

February 2021 | Volume 12 | Article 578802


https://doi.org/10.1007/S11102-006-0408-5
https://doi.org/10.1210/Jc.2011-1659
https://doi.org/10.1111/J.1749-6632.2003.Tb03185.X
https://doi.org/10.1507/Endocrj.K08e-146
https://doi.org/10.1007/BF03348331
https://doi.org/10.1210/Jcem-70-5-1391
https://doi.org/10.1038/Nrendo.2016.205
https://doi.org/10.1210/Er.2004-0011
https://doi.org/10.1210/Er.2004-0011
https://doi.org/10.1007/S11102-018-0901-7
https://doi.org/10.1097/00000433-199706000-00020
https://doi.org/10.1097/00000433-199706000-00020
https://doi.org/10.1001/Archinte.1980.00330200119034
https://doi.org/10.1001/Archinte.1980.00330200119034
https://doi.org/10.1007/Bf02739927
https://doi.org/10.1210/Jc.2014-1049
https://doi.org/10.2169/Internalmedicine.54.5022
https://doi.org/10.1007/BF03347700
https://doi.org/10.1007/BF03347700
https://doi.org/10.3171/Jns.1990.73.3.0453
https://doi.org/10.1016/0002-9343(83)91084-7
https://doi.org/10.1111/J.1365-2362.2005.01459.X
https://doi.org/10.1177/1.2.93
https://doi.org/10.1210/Endo-77-6-1053
https://doi.org/10.1076/Apab.110.1.50.911
https://doi.org/10.1679/Aohc.62.205
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Fujita et al. Classification of Isolated ACTH Deficiency

27. Horiguchi K, Fujiwara K, Yoshida S, Higuchi M, Tsukada T, Kanno N, et al. on CRF-Stimulated Adrenocorticotropic Hormone (ACTH) Release. Cell
Isolation of Dendritic-Cell-Like S100B-Positive Cells in Rat Anterior Pituitary Tissue Res (2016) 364:395-404. doi: 10.1007/s00441-015-2317-2
Gland. Cell Tissue Res (2014) 357:301-8. doi: 10.1007/S00441-014-1817-9

28. Horiguchi K, Higuchi M, Yoshida S, Nakakura T, Tateno K, Hasegawa R, et al. Conflict of Interest: The authors declare that the research was conducted in the
Proton Receptor GPR68 Expression in Dendritic-Cell-Like S100B-Positive absence of any commercial or financial relationships that could be construed as a

Cells of Rat Anterior Pituitary Gland: GPR68 Induces Interleukin-6 Gene potential conflict of interest.

Expression in Extracellular Acidification. Cell Tissue Res (2014) 358:515-25.

doi: 10.1007/500441-014-1958-X Copyright © 2021 Fujita, Bando, Iguchi, Iida, Nishizawa, Kanie, Yoshida,
29. Horiguchi K, Fujiwara K, Higuchi M, Yoshida S, Tsukada T, Ueharu H, et al. Matsumoto, Suda, Fukuoka, Ogawa and Takahashi. This is an open-access article

Expression of Chemokine CXCL10 in Dendritic-Cell-Like S100B-Positive distributed under the terms of the Creative Commons Attribution License (CC BY).

Cells in Rat Anterior Pituitary Gland. Cell Tissue Res (2014) 357:757-65. The use, distribution or reproduction in other forums is permitted, provided the
doi: 10.1007/500441-014-1864-2 original author(s) and the copyright owner(s) are credited and that the original
30. Horiguchi K, Fujiwara K, Tsukada T, Yoshida S, Higuchi M, Tateno K, et al. publication in this journal is cited, in accordance with accepted academic practice. No

CXCL10/CXCR3 Signaling Mediates Inhibitory Action by Interferon-Gamma use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org 8 February 2021 | Volume 12 | Article 578802


https://doi.org/10.1007/S00441-014-1817-9
https://doi.org/10.1007/S00441-014-1958-X
https://doi.org/10.1007/S00441-014-1864-2
https://doi.org/10.1007/s00441-015-2317-2
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Clinical Heterogeneity of Acquired Idiopathic Isolated Adrenocorticotropic Hormone Deficiency
	Introduction
	Methods
	Subjects
	Immunofluorescence Staining Using a Mouse Pituitary Tissue
	Statistical Analyses

	Results
	Clinical Characteristics of Patients
	Anti-Pituitary Autoantibodies
	Classification of Patients Using Principal Component and Cluster Analyses

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


