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Where then does wisdom come from? Where does understanding dwell?
God understands the way to it, and He alone knows where it dwells.

When He established the force of the wind and measured out the waters,
When He made a decree for the rain and a path for the thunderstorm,
Then He looked at wisdom and appraised it; He confirmed it and tested it.
The Bible (Job 28 verses 20, 23, 25-27)
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Abstract

Delayed diagnosis of autoimmune Addison’s disease (AAD) is common and
increases the risk of a life-threatening adrenal crisis. In established AAD, there seem
to be inter-patient differences in risk for adrenal crisis, cardiovascular disease (CVD),
and health-related quality of life (HRQoL). Blame is typically put on excess and
unphysiological glucocorticoid replacement, but which patients may be more prone to
worse outcomes and why is not fully understood. This thesis has aimed to explore

clues to early diagnosis and the variation in clinical outcomes in AAD.

A retrospective audit of routine laboratory tests at diagnosis in 272 patients with
AAD showed that 84% of patients presented with hyponatremia, 52% with elevated
thyroid-stimulating hormone (TSH), but only 34% with hyperkalemia. In a clinical
study, residual production of glucocorticoids was found in 58 of 192 patients with
AAD, more common in men and associated with shorter disease duration. No
differences in HRQoL scores, frequency of adrenal crisis, or glucocorticoid
replacement doses were found. Baseline levels of cortisol and adrenocorticotropic
hormone (ACTH) correlated with peak stimulated cortisol following injection with
high-dose synthetic ACTH. A case-control study identified different levels of 19
biomarkers of CVD and inflammation (Olink) in 43 patients with AAD compared
with 43 matched controls. Levels of receptor for advanced glycation end-product
(RAGE) correlated with the frequency of adrenal crisis and HRQoL scores.
Programmed cell death ligand 2 and leptin levels significantly declined following
injection of high-dose synthetic ACTH in patients without residual glucocorticoid

production.

In conclusion, findings in routine laboratory tests may point to undiagnosed AAD,
especially unexplained hyponatremia and elevated TSH. Anticipating hyperkalemia
might delay the diagnosis. Residual glucocorticoid production is common in AAD,
especially in men, but the clinical relevance remains uncertain. Future work could
assess any clinical or pathophysiological implications of altered biomarker profiles in

AAD, including elevated RAGE, and direct effects of elevated ACTH.
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Samandrag

Forsinka diagnose av autoimmun Addisons sjukdom (A AS) aukar risikoen for ei
potensielt dedeleg binyrekrise. Ved etablert sjukdom er det stor variasjon i kliniske
utfall, med forskjellar i risiko for binyrekriser, kardiovaskuler sjukdom og
helserelatert livskvalitet. For heg og ufysiologisk tilfersel av glukokortikoid er tenkt &
vere viktig arsaker, men kven av pasientane som er mest utsett for darlegare kliniske
utfall og kvifor er ikkje fullt ut forstatt. Forméalet med avhandlinga har vore a utforske

moglege hint til tidleg diagnose og variasjonane i kliniske utfall ved AAS.

Retrospektiv gjennomgang av rutineblodprever ved diagnosetidspunktet for 272
pasientar med AAS viste at 84 % hadde hyponatremi, 52% auka niva av tyreoidea-
stimulerande hormon (TSH), men berre 34 % hadde hyperkalemi. I ein klinisk studie
hadde 58 av 192 pasientar med AAS bevart eigenproduksjon av glukokortikoid, meir
vanleg blant menn og ved kortare sjukdomsvarigheit. Det var ingen forskjell i
livskvalitet-skar, forekomst av binyrekrise eller glukokortikoid-doser mellom
pasientar med og utan restproduksjon. Startverdiar av kortisol og adrenokortikotropt
hormon (ACTH) korrelerte med oppnadd kortisol-verdi etter injeksjon av heg-dose
syntetisk ACTH. Ein kasus-kontroll-studie fann ulike verdiar for 19 biomarkerar for
kardiovaskulaer sjukdom og inflammasjon (Olink) mellom 43 pasientar med AAS og
43 kontrollpersonar. Verdiar for reseptor for avanserte glykerte endeproduktar
(RAGE) korrelerte med helserelatert livskvalitet og ferekomst av binyrekrise. Verdiar
av programmert celle-ded ligand 2 og leptin fall signifikant etter injeksjon av hog-

dose syntetisk ACTH blant pasientar utan restproduksjon av glukokortikoid.

Hovudkonklusjonane er at funn i rutineprever kan gi hint om udiagnostistert AAS,
serleg hyponatremi utan anna klar &rsak og auka TSH. Forventa funn av hyperkalemi
kan truleg bidra til & forsinke diagnosen. Restproduksjon av glukokortikoid er vanleg
blant pasientar med AAS, s@rleg blant menn, men den kliniske verdien er uviss.
Vidare arbeid kan utforske eventuell klinisk eller patofysiologisk betyding av
avvikande biomarkerprofil for kardiovaskuler sjukdom og inflammasjon ved AAS,

inkludert auka RAGE, og direkte effektar av auka ACTH.
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1. Introduction

1.1 Anatomy and Physiology

1.1.1 Adrenocortical Steroids

Situated on top of the kidneys, the adrenal glands consist of an outer cortex and an
inner medulla and are surrounded by a capsule of connective tissue (1). The main
function of the adrenal cortex is to produce steroid hormones: mineralocorticoids
(MCs), glucocorticoids (GCs), and adrenal androgens. The production of
adrenocortical steroids is compartmentalized into three histologically distinct zones:
with de novo synthesis of MCs in the outer zona glomerulosa, GCs in the middle zona
fasciculata, and adrenal androgens in the inner zona reticularis (Figure 1). MCs and
GCs are collectively called corticosteroids, and the main types in humans are
aldosterone and cortisol (2). The main adrenal androgens are dehydroepiandrosterone

(DHEA) and its sulfated form, DHEAS (3).

Capsule

»
&

2's

- }Z. glomerulosa

&

Z. fasiculata

|

Z. reticularis

8

)
—_

fad

Medulla

Figure 1. The adrenal gland consists of an outer cortex, an inner medulla, and a surrounding
capsule. The adrenal cortex further consists of three histologically and functionally distinct
zones (z.): z. glomerulosa, z. fasiculata, and z. reticularis. (The figure includes pictures from

Servier Medical Art, licensed under a Creative Commons Attribution 3.0 unported License.)
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A summary of adrenocortical steroidogenesis is depicted in Figure 2. Being steroid
hormones, aldosterone, cortisol, and DHEAS share cholesterol as a precursor. The
first modification of cholesterol to pregnenolone is also shared, but subsequent
modifications differ between the zones, mainly facilitated by cytochrome P450 and

hydroxysteroid dehydrogenase enzymes (4).

" Cholesterol . |

scc

J -
— 17-hydroxy- CYP17A1
‘_ Pregnenolone | _ pregnenolone al DHEA |
“'”-"'Di 3B-HSD Sulfotransferase I
[ Progesterone k}—“’"m ‘ 17-hydroxy- ‘
‘ 9 ) progesterone
CYP21A2 :
. CYPZIAZl

‘ 11-deoxy- ‘ 11
corticosterone A

- ‘ deoxycortisol |
cYP11p2 — 7
i cYP11B1 l

‘ Corticosterone ‘
- —— Cortisol
CYP11B2

11B-HSD

CYP17A1

Aldosterone — .
‘ Cortisone ‘
Figure 2. Adrenocortical steroidogenesis. The main adrenocortical steroids (aldosterone,
cortisol, and dehydroepiandrosterone sulfate) are represented with bold circles and
precursors and metabolites with rectangles. The arrows mark the direction of the enzymatic
modification, catalyzed by side-change cleavage (SCC), cytochrome P450 (CYP) and

hydroxysteroid dehydrogenase (HSD) enzyme families, and (de)sulfation enzymes.

Adrenocortical steroids exert a multitude of effects in human health and disease.
Aldosterone mainly works to maintain electrolyte and fluid homeostasis by increasing
sodium and water reabsorption and potassium excretion in kidney nephrons (5).
Cortisol regulates metabolic homeostasis, stress response, immunity, cognition, and
cardiovascular function, amongst other effects (6). Due to its lipophilic nature,
approximately 90% of circulating cortisol is bound to cortisol-binding globulin
(CBQG) (7). DHEA and DHEAS primarily serve as prohormones that can be converted

to androgen receptor-binding steroids in target tissues (3).
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1.1.2 ACTH

The production of cortisol is stimulated by adrenocorticotropic hormone (ACTH) and
regulated by the hypothalamus-pituitary-adrenal axis. In unstressed conditions,
ACTH cause cortisol levels to rise in the early morning and peak around the time of
awakening, then decline throughout the afternoon and reach nadir at late night (8).
This circadian rhythm is superimposed by ultradian oscillations, and cortisol levels
can be further fine-tuned in response to physiological (e.g. infection) or emotional

stress (6).

Specifically, circadian cues as well as perceived stressors spur the production of
corticotropin-releasing hormone (CRH) in the paraventricular nucleus of the
hypothalamus, which incites the production of pro-opiomelanocortin (POMC) in the
anterior pituitary (9). Next, prohormone convertases enzymatically process POMC to
ACTH, which promotes the production of cortisol in the adrenal cortex. As a
mechanism of negative feedback, sufficient or excess levels of cortisol lead to
repressed expression of the CRH and the POMC genes. Opposite, low cortisol levels

function as a positive feedback signal to ultimately increase cortisol biosynthesis (9).

ACTH belongs to a group of peptide hormones named melanocortins, which are
characterized by the shared origin from POMC and overlapping binding to the five
melanocortin receptors (MCIR to MC5R) (10). MC2R is specific for ACTH and
mainly expressed in the adrenal cortex, but is present in other tissues as well,
including adipocytes, urogenital tissue, immune cells, and vascular endothelial cells
(10, 11). The ability of ACTH to activate the full range of melanocortin receptors
implies that ACTH actions in health and disease may stretch beyond regulation of
steroidogenesis, to possibly include regulation of skin pigmentation (MC1R),
autonomic functions (MC3R), appetite (MC4R), exocrine secretions (MC5R), and
immune response (MC1R-MC5R) (10, 12, 13). However, knowledge of any
physiological relevance of extra-adrenal effects of ACTH in vivo is still limited due

to difficulties in distinguishing between GC-dependent and GC-independent effects
(14).
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1.2 Autoimmune Addison’s Disease

1.2.1 History and Epidemiology

In his landmark paper of 1855, the English physician Thomas Addison was the first
to propose a disease due to adrenal gland failure, characterized by “anemia, general
languor, and debility, remarkable feebleness of the heart's action, irritability of the
stomach, and a peculiar change of color in the skin” (Figure 3) (15). Based on post-
mortem examinations of 11 individuals, he suggested several etiologies later
confirmed to cause Addison’s disease, i.e. primary adrenal insufficiency (PAI), such
as tuberculosis, cancer, and hemorrhage. He was particularly intrigued by a case of
bilateral adrenal fibrosis that “did not result as usual from a deposit either of a
strumous or malignant character, but appears rather to have been occasioned by an
actual inflammation — that inflammation having destroyed the integrity of the organs,
and finally led to their contraction and atrophy”, probably being the first description
of autoimmune Addison’s disease (AAD) (15).

Al

Figure 3. Illustration from “On the constitutional and local effects of disease of the supra-
renal capsules” (1855) by Dr. Thomas Addison, depicting a deceased patient with
hyperpigmented skin, vitiligo, and scant pubic hair. (Public domain provided by The
University of lowa Digital Libraries (16)).
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Evidence to support the concept of autoimmune etiology came more than a century
later when circulating autoantibodies against adrenal tissue were demonstrated in
patients with PAI (17). In 1992, the steroidogenic enzyme 21-hydroxylase (210H)

was identified as the main target for the circulating adrenal autoantibodies (18).

In Europe, the 20" century brought forth a shift in the dominating cause of PAI (19).
Following the rise of autoimmunity and the fall of tuberculosis, autoimmunity is now
the dominating etiology of PAI and accounts for more than 80 % of cases among
adults (20, 21). While still a rare disease, the prevalence of PAI seems to increase in
European countries, with 39 cases per million inhabitants reported in the United
Kingdom in the 1960s (22) compared to 144-221 cases per million in Nordic
countries about 50 years later (20, 23). AAD is slightly more common in women, and
although it can occur at any age, patients are on average 30-40 years old at the time of
diagnosis (20, 21). AAD can occur as an isolated disease or as part of an autoimmune
polyendocrine syndrome (APS) (24). APS1 is a rare, monogenic disease caused by
mutations in the autoimmune regulator gene (4/RE) (25). More common, APS2 is
considered the result of polygenic risk combined with environmental factors,
clinically manifesting as AAD together with autoimmune thyroid disease and or type

1 diabetes mellitus (26).

1.2.2 Pathophysiology

Why and how AAD develops is not completely understood, but a hypothetical
sequence of events is presented in the following. In genetically susceptible
individuals, an environmental factor may cause adrenocortical tissue damage and
leakage of 210H (27). What this environmental factor might be is currently
unknown, but suggestions include viral infections, stress, and pollutants (19). Another
key question is what drives the infiltration of autoreactive immune cells into the
damaged adrenocortical tissue. Possibly, adrenocortical cells may contribute to their
own destruction by secreting chemokines as part of the local inflammatory response
to tissue damage (27). Recruited immune cells may include autoreactive T cells
specific towards 210H, which drive the further destruction of adrenocortical tissue

Q7).
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The pathophysiological contributions of autoreactive B cells are uncertain (27).
While autoantibodies against 210H (210Hab) are excellent markers of autoimmune
etiology, they do not seem to partake directly in the destruction of adrenocortical
tissue in vivo (27). For instance, 210Hab readily pass the blood-placenta-barrier, but
there is no evidence of impaired adrenocortical function in babies carried by mothers
with AAD (28). Still, titers of 210Hab are reported to correlate with the degree of
adrenal insufficiency in preclinical disease and the risk of progression and remain
elevated in established AAD (29). This raises another fundamental question of what
fuels the autoimmune process to persist in longstanding disease, as one would expect

the initial target to be depleted following years of autoimmune attack (29).

Post-mortem histopathological examinations of patients with AAD have found

bilaterally atrophied adrenal glands, if grossly visible at all, but with (partly) spared
adrenal medulla (30-33). Microscopic examination of the adrenal cortex may show
widespread lymphocytic infiltration, interspersed with hyperplastic nodules, loss of

the three-zonal architecture, and fibrosis (32-34).

1.2.3 Natural History

The natural history of AAD may differ between patients but is classically described
as four stages with progressive loss of adrenocortical tissue and function, before
manifesting as clinically overt AAD (Figure 4) (35-37). Approximately 0.5% of the
healthy population are at stage 0, the only hint of any AAD risk being the presence of
210Hab (38). Estimations on how many proceed to stage 1 vary from 0-90%, where
increased plasma renin activity or concentration and possibly reduced aldosterone
levels provide the first biochemical signs of impaired adrenocortical function (36). At
stage 2, morning cortisol and ACTH levels are still normal, but the cortisol response
to a stimulation test with synthetic ACTH (ACTHi-24) is blunted. Stage 3 is
characterized by the addition of elevated ACTH and possibly hyperpigmented skin
(36, 39). At stage 4, adrenocortical insufficiency is both clinically and biochemically
evident, with low or undetectable levels of cortisol and aldosterone, and elevated
levels of renin and ACTH (36). It has been suggested that at least 90 % of

adrenocortical tissue must be destroyed before symptoms and signs emerge (40).



21

I
Stage 0 Stage 1 Stage 2 i Stage 3 Stage 4
T
Positive for }
i
210Hab A renin i
J- or normal !
aldosterone Impaired !
100% cortisol response:
c t0 ACTH, 4 l
-_g stimulation test |
G I N ACTH
= i Joor nf)rmal
(—3 ,r cortisol
© i ™ ™ ACTH
8 | J - cortisol
Q |
< I
Qv i
- l Clinical
< o% I manifestations

Figure 4. The natural history of AAD from subclinical to overt disease. (Modified with
permission from the publisher (35)).

Emerging data have raised doubt that AAD development is a linear and irreversible
process that inevitably results in the complete loss of all adrenocortical tissue and
function. For one, not all adrenocortical zones are necessarily affected, evident by
case reports of isolated MC deficiency in AAD, or preserved production of MCs but

low levels of cortisol and adrenal androgens (37, 41).

In 1993, DeBellis et al reported biochemical normalization and loss of 210Hab-
positivity in three individuals who initially had blunted response to the ACTH.24
stimulation test (stage 2) (42). Interestingly, all three individuals had received high-
dose GC therapy for concomitant Graves ophthalmopathy, suggesting that the
restoration of adrenocortical function could be caused by the high-dose GC therapy
(42). Indeed, the potent immunomodulatory effects of GCs are postulated to underlie
the frequent observation that zona fasciculata function is preserved longer than zona

glomerulosa function in developing AAD (19).

Later case reports have suggested that spontaneous improvement of adrenocortical
function might occur in longstanding AAD (37, 43-45). For instance, Smans and

Zelissen described the case of a 46-year-old man with a 7-year history of AAD who
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was able to discontinue all GC and MC replacement therapy and remained in
excellent health five years later (45, 46). Intrigued by their finding, the authors set out
to investigate possible adrenocortical recovery in 27 other patients with AAD (46).
Although no new cases of adrenocortical recovery were identified, seven patients had
detectable levels of morning cortisol despite having abstained from their usual
corticosteroid replacement for more than a day, considered to reflect residual

adrenocortical function (RAF) (46).

Recent data have indicated that RAF may be common in longstanding PAI. In 2019,
Vulto et al found detectable levels of the GC precursor 11-deoxycortisol in 8 of 20
patients with a 15-20-year history of PAI (47). Soon after, Napier et al reported
serum cortisol > 20 nmol/L in six of 37 patients with established AAD following 36
hours of GC withdrawal but found only a minor increase in cortisol levels following

ACTHj.24 stimulation testing (48).

1.2.4 Diagnosis

The clinical manifestations of AAD are mainly unspecific and have a gradual onset.
The rarity of the disease may further contribute to a delayed diagnosis, leaving
patients at risk of developing a potentially fatal adrenal crisis, but also impairing
health-related quality of life (HRQoL) (49, 50). Studies on adrenal insufficiency in
general have revealed that most patients are initially misdiagnosed, for instance with
psychiatric or gastrointestinal illness (20, 49). Worryingly, a study on 216 patients in
Germany found that 20% of patients had experienced symptoms and signs of
adrenocortical insufficiency for 5 years before eventually being diagnosed (49), and a
study on 60 patients with PAI in Poland found that > 40% were diagnosed following

an adrenal crisis (50).

Common symptoms and signs of AAD include general malaise and fatigue, decreased
appetite and unintended weight loss, nausea, abdominal and musculoskeletal pain,
depression and anxiety, dizziness, and low blood pressure (24, 51). Still, a
conspicuous craving for salt and an increased pigmentation of the skin and mucus

membranes are distinctive features that may hint at the diagnosis (24).
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Once suspected, the diagnosis of AAD is relatively easy to establish. The first step is
to confirm the impaired adrenocortical function biochemically, which can be assessed
in a morning blood sample before any hydrocortisone treatment is initiated. The
combined finding of serum cortisol < 100 nmol/L and plasma ACTH at least two-fold
elevated above the upper reference limit strongly indicates PAI (24). Important
pitfalls include conditions that influence CBG concentrations and therefore measured
cortisol levels, including an increase by estrogens and a decrease by inflammation
(.

Insufficient production of MCs manifests as low serum aldosterone and elevated
plasma renin activity or concentration. Levels of adrenal androgens may be low as
well (51). Other reported biochemical aberrations include low sodium, elevated
potassium, hypercalcemia, changes in blood count (anemia, eosinophilia,

lymphocytosis), hypoglycemia, and elevated liver transaminases (50-53).

Baseline biochemical testing is usually followed up by a confirmatory ACTHj.24
stimulation test, also referred to as cosyntropin or synacthen test, and is considered
the gold-standard method for diagnosing PAI (54). The stimulation test employs
tetracosactide acetate (Synacthen®), a synthetic preparation of the first 1-24 of 39
amino acids of the endogenous ACTH peptide (51). Specifically, serum cortisol is
measured before and 30 and 60 minutes after intravenous administration of 250 pg
tetracosactide acetate. Using immunoassays, a normal response has been defined as
peak cortisol exceeding 500 or 550 nmol/L, but updated cut-off levels for liquid-
chromatography tandem-mass-spectrometry (LC-MS/MS) assays are lower; 412 or
486 nmol/L after 30 or 60 minutes, respectively (54).

After the diagnosis of PAI has been established, a final diagnostic step is to determine
its etiology (24). An autoimmune cause can be evaluated by measuring 210Hab. If
detected, the presence of concomitant autoimmune diseases should be considered,
both at diagnosis and at annual follow-up visits. Suspicion of APS1 can be evaluated
by measurement of interferon 1 autoantibodies and or sequencing of A/RE (25). If an
autoimmune cause is not detected, a broader etiological search guided by clinical

suspicion should be done (24).
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1.2.5 Treatment

Current treatment strategies consist of daily replacement of adrenocortical hormones
lacking — that is GCs, MCs, and occasionally DHEA — for life with the overall goal to
restore patient health, well-being, and everyday normal functioning as well as avoid

adrenal crisis (51).

Hydrocortisone or cortisone acetate tablets are the cornerstones of GC replacement in
AAD, with only a minority using long-acting GCs (e.g. prednisolone,
dexamethasone) (21, 55). The recommended daily dose is 15-25 mg of
hydrocortisone equivalents, but higher doses are common (51, 55). The half-life of
hydrocortisone and cortisone acetate is approximately 90 minutes, and the total dose

is typically divided into two or three doses (19).

The dangers of too high GC exposure (e.g. worse cardiometabolic health) and too low
(e.g. fatigue, adrenal crisis) are well-described, but there is currently no reliable tool
to guide GC replacement doses. Recently suggested tools are cortisol concentrations
in hair and gene expression levels, but these are not yet validated in AAD (56, 57).
Instead, GC dose adjustments are primarily based on clinical judgment. Crude signs
of overreplacement include weight gain, sleep disturbances, and peripheral edema.
Underreplacement may manifest as unintended weight loss, fatigue, and general

malaise (51).

Circadian misalignment of cortisol is considered to contribute to poor clinical
outcomes in AAD as well (58). In recognition of this, new therapeutic options have
been developed to better replicate the circadian rhythm of cortisol in patients with
AAD, including modified-release hydrocortisone formulation (Plenadren®) and
continuous subcutaneous hydrocortisone infusion (59, 60). In addition, a twice-daily
modified-release hydrocortisone formulation (Efmody®) closer mimicking the early
morning rise in cortisol has recently been made commercially available in Europe for

the treatment of congenital adrenal hyperplasia (60, 61).

MC replacement typically consists of 0.05-0.1 mg fludrocortisone (e.g. Florinef®)

daily, and patients are advised to not restrict their intake of salt (i.e. sodium chloride)
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(21, 51, 62). Fludrocortisone has a mean half-life of nearly 5 hours, making once-

daily administration sufficient (5).

International guidelines advise against routine DHEA supplementation due to the lack
of clear benefits in clinical trials (3, 51). A 6-month trial of 25-50 mg DHEA may
still be attempted in female patients experiencing depressive symptoms, low libido,

and or persisting fatigue despite optimized GC and MC replacement therapy (51).

Adequate patient care in AAD does not simply consist of optimized pharmacological
treatment but extends to repeated patient education. Important topics to address
include background information on adrenal physiology and AAD pathophysiology,
when and how much to increase GC replacement during intercurrent illness and
stress, how to recognize and manage an incipient adrenal crisis, and any concerns the
patient may have for everyday life and overall prognosis (63). Patients should be
equipped with a steroid emergency card stating the necessity of prompt
hydrocortisone administration upon severe illness or stress and offered practical
training on how to self-administer an emergency injection of GCs (51). In Norway,
the diagnosis of PAI and risk of adrenal crisis should be registered as «critical
information» in the national summary care record to ensure prompt and appropriate

action by healthcare professionals in any event of severe illness (64).

1.2.6 Clinical Outcomes

Available evidence and clinical experience suggest that AAD is a heterogeneous
disease with large variations in clinical outcomes. For instance, there seem to be
inter-patient differences in frequencies of adrenal crisis, life expectancy,

cardiovascular risk, and HRQoL (65-67).

Adrenal Crisis

Adrenal crisis is the most feared complication of adrenal insufficiency and requires
prompt recognition and treatment to avoid a lethal outcome (68). No established
definition exists, but it is generally understood as an acute and severe health

deterioration in a patient with adrenal insufficiency, with symptoms and signs of
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corticosteroid deficiency that resolve following treatment with hydrocortisone and

saline infusions (60, 68-71).

The pathophysiology of an adrenal crisis is incompletely understood, but in general
relates to the relative or absolute lack of corticosteroids (Figure 5). It can be
challenging to distinguish between an acute crisis and milder episodes of
corticosteroid deficiency, as commonly shared features include fatigue and general
malaise, gastrointestinal symptoms, electrolyte disturbances, hypotension, and
postural dizziness. In severe cases, patients may develop hypovolemic shock. Clinical
manifestations of infection are commonly present as well, as an infection is the
number one precipitating cause of an adrenal crisis (72). Other precipitating causes
may be emotional stress, surgery, strenuous physical activity, and missed GC doses

(72).

Treatment of an adrenal crisis consists of high-dose hydrocortisone and saline fluid
infusions, as well as targeted treatment of any precipitating illness, e.g. antibiotics for
bacterial infections (73). If a diagnosis of adrenal insufficiency is not previously
known, it is recommended that blood samples for analysis of cortisol and ACTH are
obtained before initiation of hydrocortisone infusion, but only if it can be done

without delaying the treatment (51).

In Europe, reported incidence rates of adrenal crises in PAI range from 5 to 17 per
100 patient-years, with part of the variation likely relating to different definitions (74-
76). The frequency seems to be unevenly distributed, with a subset of patients
suffering repeated crises while possibly half of patients never experience any (74).
The reasons for the great variation in patient susceptibility to an adrenal crisis are
inadequately understood, but a higher risk has been linked to a history of previous
crisis, higher age, and the presence of autoimmune comorbidity (73). Recently,
Quinkler et al found that patients with PAI who experienced adrenal crisis had
significantly higher serum potassium and lower serum sodium levels compared with
patients without adrenal crisis, but no significant differences in weight-adjusted GC

or MC replacement doses were found (77).
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Figure 5. Pathophysiological model of adrenal crisis. (Reprinted with permission from the

publisher (68)).

Mortality

It is beyond doubt that corticosteroid replacement saves lives in PAI, but studies
suggest that mortality rates remain increased even after initiation of treatment. For
instance, data from Sweden have demonstrated more than two-fold higher death rates
in patients with PAI in general and with AAD specifically compared with population
controls, with cardiovascular disease (CVD) being the leading cause of death (78,
79). Similarly, a recent study found nearly 2-fold higher mortality rates for ischemic

heart disease among patients with PAI compared with population controls in the
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United Kingdom (80). In contrast, a Norwegian study found excess death rates caused
by adrenal crisis, infections, and sudden death in patients with AAD diagnosed before
the age of 40 only, and otherwise normal mortality rates (66). Possible explanations
for the inconsistent findings may include methodological differences as well the trend
for lower GC replacement doses over the past decades (66, 81). Otherwise, it is not
clear whether the increased mortality rates for CVD mainly reflect a higher
prevalence of CVD or rather increased case-fatality rates (82). Indicative of the latter,
Skov et al found ischemic heart disease events to have a greater 30-day case fatality

rate in patients with AAD compared with population controls in Sweden (82).

Cardiovascular Risk

Concern has been raised for cardiometabolic health in AAD as several studies have
shown more CVD and CVD risk factors in patients with adrenal insufficiency (80,
82-87). Both too high GC doses and unphysiological GC replacement are commonly
put to blame (54, 88, 89), and clinical trials have demonstrated improvement in
several metabolic parameters following a switch from conventional hydrocortisone or
cortisone acetate to modified-release hydrocortisone in patients with adrenal
insufficiency (85, 90). However, not all studies find excess CVD risk or any
correlations to GC replacement doses (54), as further outlined below. The
discrepancies in results suggest that a subgroup of patients might be at particular risk

of CVD and that factors beyond GC replacement might play a role as well.

Focusing on AAD, a Swedish registry study found increased prescription rates for
antihypertensive drugs, diuretics, and lipid-lowering agents in AAD compared to
population controls, but the finding was only significant for younger age groups (86).
A second Swedish registry study even found a significantly lower frequency of
hypertension and obesity in AAD compared with population controls, and no
difference for hyperlipidemia or type 2 diabetes, although blood pressure levels
positively correlated with GC replacement doses (21). A third study found more
ischemic heart disease in AAD compared with Swedish population controls and
increasing risk with higher GC and MC replacement doses, but the findings were only

significant in women (82).
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Few clinical studies have addressed cardiometabolic health in patients with AAD
compared with controls. While an Italian study on 39 patients with AAD found
impaired glucose tolerance, hypercholesterolemia, and hypertriglyceridemia in
patients compared with controls (87), another study on 63 patients with AAD in
Poland found no differences in levels of adiponectin or leptin between patients and

controls (91).

Looking to PAI, a clinical study on 147 patients in Sweden and South Africa reported
higher levels of triglycerides, low-density lipoprotein, and C-reactive protein (CRP)
and lower levels of high-density lipoprotein in patients compared with controls (84).
Only levels of high-density lipoprotein significantly correlated with hydrocortisone
replacement doses. Of note, hypertension, diabetes mellitus, and the use of lipid-
lowering therapy were more common among patients than controls, but patients had
significantly lower body mass index (BMI) (84). Likewise, Bergthorsdottir et al later
reported higher levels of triglycerides, lower levels of high-density lipoprotein, more
diabetes mellitus, antihypertensive medication, and lipid-lowering therapy in 76
patients with PAI compared with controls in Sweden (83). The patients also had a
higher frequency of metabolic syndrome, but a similar extent of visceral adipose
tissue, and neither could be linked to the hydrocortisone replacement doses. No
difference was found for levels of CRP or adiponectin, but the study revealed altered
biomarker profiles of CVD in patients compared with controls, including elevated

levels of interleukin 6 (IL6) (83).

Epidemiological and clinical studies have demonstrated strong and consistent
associations between CVD risk and inflammatory markers, including higher levels of
CRP and IL6 (92, 93). In line with this, chronic inflammation is considered to
contribute to increase CVD risk in patients with autoimmune diseases (94, 95). In a
recent mapping of CVD incidence in 19 common autoimmune diseases, each disease
was associated with increased CVD risk, on average corresponding to the risk caused
by type 2 diabetes and increasing with the number of autoimmune comorbidities (94).
The second highest frequency was noted for AAD, with nearly three times more CVD
than population controls. Importantly, the excess risk could not be explained by

traditional risk factors such as age, sex, socioeconomic status, blood pressure, BMI,
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smoking, dyslipidemia, or type 2 diabetes, pointing to autoimmunity as an
independent risk factor for CVD. Important to note, the study did not account for any
impact of inflammatory modulators, including GC therapy (94). In theory, both the
autoimmune process and unphysiological GC replacement could contribute to higher
CVD risk by altering inflammation in AAD (83, 96), but insight into the
inflammatory state in AAD is currently restricted to reports of elevated levels of

selected cytokines (97-100).

Any impact of deviant levels of MCs, adrenal androgens, or ACTH on CVD risk in
AAD have rarely been explored. Well-known from hyperaldosteronism, excess MC is
associated with impaired cardiometabolic health (5, 101), but a Swedish registry
study found no associations between daily fludrocortisone dose and prevalence of
hypertension, hyperlipidemia, or type 2 diabetes in patients with AAD (21). Lack of
adrenal androgens could potentially impair cardiovascular health in AAD as well, but
DHEA replacement is not found to have a clear impact on lipid profiles or endothelial
function (82). Finally, ACTH could in theory affect cardiometabolic health by
modulating inflammation, energy homeostasis, and blood pressure in a GC-
independent manner (10, 14). ACTH is reported to induce human adipocyte
expression of IL6 and monocyte chemoattractant protein 1 (MCP1), which are both
linked to inflammation and cardiometabolic risk (102). In contrast, a clinical study
found ACTH to increase blood pressure in healthy normotensive and hypertensive
individuals, but not in two patients with Addison’s disease, suggesting that the

hypertensive effect of ACTH is GC-dependent (103).

HRQoL

HRQoL seems to be impaired in patients with PAI, but large interindividual
differences exist, evident by the wide ranges in scores to both generic (e.g. Research
and development 36-Item, RAND-36) and disease-specific (e.g. AddiQoL-30)
HRQoL questionnaires (20, 104, 105). Patient characteristics associated with better or
worse HRQoL are only partly identified.

A recent mapping of HRQoL in 529 patients with adrenal insufficiency in the United

States identified several modifiable factors to be associated with poorer physical and
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or mental HRQoL, including higher GC replacement doses, co-morbidities related to
GC excess, higher financial burden, difficulties in self-management, and lack of
family support (106). Several, but not all, clinical trials have further demonstrated
improved HRQoL following a switch from conventional GC replacement to
modified-release hydrocortisone or continuous subcutaneous hydrocortisone infusion
in patients with adrenal insufficiency (90, 107, 108). Otherwise, a German study on
110 patients with Addison’s disease found that a higher number of subjective

precrises were significantly associated with lower AddiQoL-30 scores (109).

A recent study by our research group identified sex-specific limitations in HRQoL in
PAI, with perceived physical health being the most affected in female patients but
social functioning in male patients compared with normative data (104). Regarding
any impact of autoimmune etiology, the same study found higher HRQoL in patients
with AAD compared with non-autoimmune PAI but also higher HRQoL in patients
without concomitant autoimmune disease (104). The findings could be partly
confounded by the greater preponderance of women with autoimmune comorbidity,

as women in general report lower HRQoL than men.
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2. Rationale and Aims of the Thesis

Health threats that remain for patients with AAD include delayed diagnosis and

adverse clinical outcomes.

Specifically, delayed diagnosis of AAD prolongs the burden of corticosteroid
deficiency and increases the risk of premature death (49, 50). The thought that routine
laboratory tests may provide hints to spur suspicion of AAD is therefore appealing.
While such findings are frequently listed in the literature and textbooks, they have not

been subject to systematic audit.

In established AAD, excess and unphysiological corticosteroid replacement likely
contributes to adverse clinical outcomes but does not seem to fully explain the
reported variation in risk of adrenal crisis, excess CVD, and impaired HRQoL (67,
77, 104). Patient characteristics that might be associated with better or worse

outcomes and why are not fully known.

Emerging evidence suggests that some corticosteroid production might persist in
established AAD, but how common it is or any associations with clinical outcomes
are not known. Likewise, inconsistent findings emphasize the need for a better
understanding of what drives CVD risk in AAD and which subgroups of patients may
be most vulnerable. Whether markers of CVD and inflammation could provide clues

to clinical outcomes as well or be modulated by elevated ACTH has not been studied.

The overall aim of this thesis has been to explore clues to early diagnosis and the
variation in clinical outcomes in patients with AAD. In response to the outlined gaps

in knowledge, the thesis is based on three papers with the specific aims to

e Assess findings in routine laboratory tests at diagnosis of AAD (Paper I)

e Assess the frequency and clinical features of residual corticosteroid production
in AAD (Paper II)

e Assess biomarker profiles of CVD and inflammation in patients with AAD
compared with controls, any associations with clinical outcomes, and GC-

independent effects of elevated ACTH (Paper I1I)
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3. Material and Methods

3.1 Study Participants, Design, and Endpoints

Paper I was a retrospective registry audit of findings in routine laboratory tests at
diagnosis of AAD in 272 patients with AAD in Norway (n=137) and Sweden
(n=135). All patients were enrolled in the Norwegian Registry for Organ-specific
Autoimmune Diseases (ROAS) or the Swedish Addison Registry. The diagnoses
were established between 1978 and 2016 for the Norwegian cohort and between 2000
and 2016 for the Swedish cohort. Autoimmune etiology was ensured by only
including patients with presence of 210Hab and chronic use of GC and MC
replacement following diagnosis. The primary endpoint was laboratory values noted
at the time of diagnosis before the initiation of corticosteroid replacement. The
secondary endpoint was any difference in laboratory values between patients with

adrenal crisis compared with patients without an adrenal crisis at diagnosis.

Paper II was a two-staged clinical study of patients with verified AAD who received
follow-up at one of the participating 17 study centers in Norway, Sweden, and
Germany. During 2018-2019, a total of 197 patients were initially included of which
five did not wish to proceed to blood sampling while 192 completed study
participation. The diagnosis of AAD was confirmed by the presence of 210Hab as
well as chronic use of GC and MC replacement. The primary endpoint was the
number of patients with endogenous corticosteroid production. Secondary endpoints
included associations between endogenous corticosteroid production and age, sex,
disease duration, adrenocortical steroid replacement doses, frequency of adrenal
crisis, BMI, blood pressure, and HRQoL, as well as any change in cortisol levels

following injection of 250 ug ACTH1.24.

Paper III was a cross-sectional case-control study, including 43 patients from Paper
IT and 43 healthy controls from a previous clinical study by our research group (54)
that were matched for age (by decade), sex, and BMI (+1 kg/m?). Among patients
with AAD, 23 had residual production of GCs and 20 did not, in the following
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referred to as with or without RAF. The primary endpoint was differences in
biomarker profiles of CVD and inflammation between patients and matched controls.
Secondary endpoints included sex-specific differences in biomarker profiles,
correlations between biomarker levels and frequency of adrenal crisis and AddiQoL-
30 scores, differences in biomarker profiles between patients with and without RAF,
and changes in biomarker profiles following injection of 250 pg ACTH.24. Being
GC-depleted, any change in biomarker profiles in patients without RAF served as a
model for GC-independent effects of increasing ACTH from high (baseline) to very
high levels (after ACTH;.24 stimulation).

A summary of the study designs is given in Figure 6.

* 2

Norway, Sweden, Autoimmune Addison’s disease
and Germany*

Paperl: Paper II: Paper lll:
Retrospective Two-staged Case-control
registry-audit clinical study clinical study

1

g T\

m J
»
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Healthy controls

Figure 6. (The figure includes pictures from ConceptDraw and Servier Medical Art, licensed
under a Creative Commons Attribution 3.0 Unported License.) *Patients from Germany

were included in Papers II and III.
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3.2 Definitions

3.2.1 Biomarkers and Clinical Outcomes

In Papers II and III, biomarkers and clinical outcomes were assessed as measures of
health, disease, or response to interventions. Biomarkers are defined as quantifiable
indicators of biological processes, such as genetic, biochemical, or physiologic
features. Instead, clinical outcomes reflect how an individual feels, functions, or
survives, and may be assessed by the clinician, the patient, another observer (e.g.
caregiver), or be a test score. Tools for assessment may for instance be

questionnaires, reported number of events, or standardized tasks (110, 111).

3.2.2 Adrenal Crisis

In Paper I, an adrenal crisis was defined by the following criteria: acute hospital
admission, systolic blood pressure < 100 mmHg, and by clinical judgment considered
to be an adrenal crisis. The cut-off for systolic blood pressure was set to 100 mmHg

as it is a frequent feature in suggested definitions (69, 72, 112).

In Papers II and II1, the criteria for an adrenal crisis were an acute hospital
admission and treatment with intravenous infusion of hydrocortisone. The number of
adrenal crises in the past year was reported by the patients and not cross-checked

against medical records.

3.2.3 Residual Corticosteroid Production

In Papers II and II1, residual corticosteroid production was defined as the presence
of the main GC (cortisol > 0.914 nmol/L) and or MC (aldosterone > 8 pmol/L)
together with their respective precursors, 11-deoxycortisol (> 0.144 nmol/) and
corticosterone (> 0.144 nmol/L). The cut-off levels equaled the lower limits of
quantification on a LC-MS/MS method developed in-house and previously described
in detail (113).
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3.3 Clinical Data

Data on age, sex, and BMI were noted for all study participants in Papers I-11I, and
for all patients with AAD, presence of 210Hab.

In Paper I, we systematically noted patient data from the time of diagnosis and
before the initiation of corticosteroid replacement, including if the patient had been
admitted acutely to the hospital, any autoimmune comorbidity, use of levothyroxine,
blood pressure measurements, and in the Swedish patient cohort, hyperpigmentation.

Patients were subgrouped as with or without adrenal crisis at diagnosis.

In Paper 11, we used a structured history form to collect clinical data (included in the
Appendix). Noted data included disease duration, any comorbidities, types and doses
of adrenocortical steroid replacement, use of other medications, number of infections
and adrenal crises in the past year, and blood pressure measurements. Patients further
completed one generic (RAND-36) and one disease-specific (AddiQoL-30)
questionnaire assessing HRQoL (included in the Appendix).

Data on the number of adrenal crises in the past year and AddiQoL-30 scores were

included in Paper III as well.

3.4 Laboratory Assessment

3.4.1 Paperl

For each patient, we systematically noted patient characteristics recorded at the time
of diagnosis before the initiation of corticosteroid replacement. Patient characteristics
included sex, age, if the patient had been admitted acutely to the hospital, 210OHab,
any autoimmune comorbidity, use of levothyroxine, height, weight, blood pressure,
and in the Swedish patient cohort, hyperpigmentation. An adrenal crisis was defined
by the following criteria: acute hospital admission, systolic blood pressure < 100

mmHg, and by clinical judgment considered to be an adrenal crisis.
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Likewise, laboratory data were systematically noted for each patient at the time of
diagnosis and before the initiation of corticosteroid replacement. The only exception
was proven 210Hab, which in most cases was analyzed after the diagnosis of PAI
had been established. The laboratory analyses included serum sodium, serum
potassium, blood hemoglobin, serum alanine aminotransferase, serum calcium, serum
creatinine, serum glucose, serum thyroid-stimulating hormone (TSH), thyroid
peroxidase (TPO) autoantibodies, random serum cortisol, stimulated serum cortisol,
plasma ACTH, serum aldosterone, plasma renin activity or concentration, and serum

DHEAS.

Although the laboratory methods varied between study centers and during the 38-year
study period, we chose to keep the given values. When reference ranges diverged
profoundly between study centers, as was the case for TSH, we dichotomized values

to elevated or not elevated based on the different upper reference limits.

3.4.2 Paper 11

Following informed consent, patients returned on an agreed morning at 8 am for
blood sampling (Stage 1) after abstaining from cortisone acetate or hydrocortisone
and fludrocortisone for at least 18 and 24 hours, respectively. As an extra safety
measure upon GC withdrawal, patients were non-fasting. Routine blood tests were
analyzed by the local laboratories, and in addition, a serum sample was sent to
Haukeland University Hospital, Bergen, Norway, and stored at -80°C before analysis
of adrenocortical steroids, including precursors and metabolites, by a LC-MS/MS

method developed in-house and previously described in detail (113).

All patients with residual production of corticosteroids and 20 patients without were
invited to Stage 2. On an agreed morning, patients returned for a 250 pg ACTH 124
stimulation test, again upon withdrawal of GC and MC replacement. Blood samples

were obtained before and 60 minutes after the injection of ACTH-24.

3.4.3 Paper 111

All patients (except one) and controls had gone through a morning ACTHi.24

stimulation test, with serum samples collected before and 60 minutes after the
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injection of ACTH.24. Serum samples from patients and matched controls were
analyzed for 177 unique biomarkers included in the Cardiovascular II (CVD II) and
Inflammation panels by Olink (Uppsala, Sweden). The samples had been stored at -
80°C and were shipped on dry ice. The Olink method is based on proximity extension
assay technology, described in detail elsewhere (114, 115). The biomarker unit is
given as normalized protein expression (NPX), which is an arbitrary unit on a Log2
scale (114, 115). Biomarker values below the lower limit of quantification were
included, as recommended by Olink (116). Initially, 44 patients and 44 healthy
controls were included, but one sample (patient without RAF) did not pass the
preanalytical quality control by Olink, and this patient was removed from the dataset

together with its matched control before the statistical analyses.

3.5 Statistics

The sample size calculation for Paper II was based on a previous report of residual
GC production in 2 of 13 patients with AAD (117) and was found to require 139
study participants. For Paper I1II, sample sizes were calculated with the Olink Power

Tool (https://olinkproteomics.shinyapps.io/Power_Tool/), estimating that 44 patients

and 44 controls were required for the comparison of 177 biomarkers.

In Papers I-III, demographical data were given as median, mean, or percentage
along with a variability measure. Any between-group differences were evaluated by
an independent T-test, Mann-Whitney U test, or Chi-square test, as appropriate, and
any temporal changes by paired samples T-test or Wilcoxon signed rank test,
depending on the distribution of data. Pearson’s or Spearman’s correlation coefficient
(r) was calculated for correlation analyses. Results from binary logistic regression

analyses in Paper I were presented as an odds ratio with 95 % confidence intervals.

In general, the significance threshold was set to the conventional P<0.050.
Acknowledging the risk of false positives upon multiple testing, the more

conservative P<0.010 was used for the analysis of most secondary endpoints in
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Paper I and all analyses in Paper II. In Paper 111, a false discovery rate (FDR) of

5% with the Benjamini-Hochberg method was employed, if not otherwise stated.

3.6 Ethics

The studies were conducted in agreement with the Declaration of Helsinki and ICH-
GCP guidelines. Ethical approval was obtained, data protection officers consulted,
and written informed consent was ensured before participant enrolment. (Paper I:
ROAS permit no. 2013/1504/ REK vest, Swedish Addison Registry permit no.
2008/296-31/2. Papers II and III: Norway permit no. 2018/751/REK ser-est and
REK 2016-00174, Sweden permit no. 2018/2247-32, Germany permit no. Eth-47/18).
Papers II and III were also registered at clinicaltrials.gov (ClinicalTrials.gov

Identifier: NCT03793114).
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4. Summary of Results

4.1 Paperl

The studied cohort consisted of 272 patients with AAD, of which 173 were women
and 99 were men. Age at diagnosis ranged from 5 to 79 years, with a median of 36
years. Most patients were diagnosed during acute hospital admission (69%), and one-
third fulfilled the pre-defined criteria of an adrenal crisis. Just over half of the patients

(54 %) had at least one other autoimmune disease.

Other clinical findings at diagnosis included systolic blood pressure <100 mmHg in
42 %, diastolic blood pressure <60 mmHg in 26 %, and underweight defined as BMI
below 18.5 kg/m? in 24% of patients. In the Swedish patient cohort, 87% had
hyperpigmented skin.

Among routine laboratory tests, hyponatremia defined as serum sodium < 137
mmol/L was the most common deviation, present in 207 of 247 (84%) patients.
Hyperkalemia, defined as serum potassium >5.0 mmol/L, was found in 82 of 242
(34%) patients and was accompanied by hyponatremia in all but one patient. Twenty-
one patients (9%) had serum sodium and potassium values within the respective

reference ranges.

On group level, electrolyte disturbances were more distinct in patients with adrenal
crisis, with median serum sodium of 127 mmol/L [101-138] and median serum
potassium of 5.0 mmol/L [3.5-8.4] compared with 132 mmol/L [103—-142] (P<0.001)
and 4.5 mmol/L [3.2-8.6] (P<0.001), respectively, in patients without adrenal crisis.

Among the 153 patients who did not use levothyroxine, 79 (52%) had elevated TSH.
Measurement of TPO autoantibodies was only recorded for 22 patients and found
present in eight of them. There was a small but significant negative correlation

between TSH and random cortisol (r=-0.248, N=138, P=0.003).
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A few individuals presented with aberrant glucose, hemoglobin, alanine
aminotransferase, calcium, and creatinine levels, but the mean values were all within

their respective reference ranges.

Serum cortisol was generally low (median 62 nmol/L [1-668]) but significantly lower
in patients with adrenal crisis (38 nmol/L [2—442]) compared with patients not in
crisis at diagnosis (81 nmol/L [1-668], P<0.001). ACTH .24 stimulation test failed to
increase cortisol above 500 nmol/L in all but one patient, a 27-year-old woman with
confirmed use of oral contraceptive pills. The median plasma ACTH level was 278
pmol/L ([1-1910]), corresponding to the upper reference range limit in most assays.
Measurement of DHEAS was given for 33 patients and below 2 pmol/L in all but two

of them.

4.2 Paper Il

58 of 192 (30.2%) patients had residual production of GCs, of which 24 patients had
residual production of MCs as well, and two other patients had residual MC
production only. Despite a preponderance of women in the patient cohort (60.4%),
more than half of the patients with residual GC production (33 of 58) were men.
Residual GC production was more common in shorter disease duration (median 6 [0-
441 vs. 13 [0-53] years, P<0.001), but was even found in patients diagnosed several
decades ago. Similarly, residual MC production was associated with shorter disease
duration (median 5.5 [0.5-26.0] vs. 13 [0-53] years, P<0.004), but also with lower
fludrocortisone replacement dose (median 0.075 [0.050-0.120] vs. 0.100 [0.028-
0.300] mg, P=0.005) and higher plasma renin concentration (median 179 [22-915] vs.
47.5[0.6-658.0] mU/L; P<0.001)

In contrast, there were no significant differences in the frequency of adrenal crisis,
infections, presence of concomitant autoimmune diseases, presence of symptoms of
GC or MC deficiency, hydrocortisone equivalent doses, or clinical features (e.g. BMI,
blood pressure, HRQoL scores) between patients with or without residual production

of GCs and or MCs. Patients with residual GC production had lower levels of ACTH
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compared with patients without GC production, but this was not statistically

significant (median 123 [26-278] vs. 147 [1-278] pmol/L, P=0.087).

Fifty-five patients with residual GC production underwent an ACTH .24 stimulation
test. Quantifiable serum cortisol and 11-deoxycortisol were replicated in all but five
patients, and these five patients were excluded from the statistical analyses. In the

remaining 50 patients with residual GC production, the median peak cortisol was 75
nmol/L [9-419] after the ACTH .24 stimulation, confirming the diagnosis of adrenal

insufficiency.

Baseline levels of cortisol and ACTH strongly correlated with peak stimulated

cortisol levels (r =0.989, P<0.001, and r=0.487, P<0.001, respectively).

4.3 Paper 111

The patient and control groups each consisted of 43 participants, of which 19 were
women, and the participants had a mean age of 40 years and a mean BMI of 24
kg/m2. Except for shorter disease duration, there were no significant differences in
baseline characteristics (i.e., age, sex, BMI, blood pressure, concomitant autoimmune
diseases, hydrocortisone equivalent doses, fludrocortisone doses) between patients

with and without RAF (P>0.05).

Nineteen of the 177 biomarkers significantly differed between patients and controls
(P<0.050, FDR 5%), namely: IL6, MCP1, receptor for advanced glycation end
products (RAGE), adrenomedullin, galectin 9, tumor necrosis factor receptor
superfamily member 9, receptor activator of nuclear factor kappa-B and its ligand,
death receptor 4 and 5, lymphotactin, P-selectin glycoprotein ligand 1, spondin 2,
fibroblast growth factor 23, interleukin 12B, matrix metallopeptidase 12,
sulfotransferase 1A1, fibroblast growth factor 21 (FGF21), and T-cell surface
glycoprotein (CD4). The greatest difference in NPX was found for FGF21 (difference
0.8 NPX), and all biomarkers but one biomarker (sulfotransferase 1A1) were elevated

in patients.
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Higher levels of RAGE were associated with more adrenal crises (r = 0.415, P =
0.006) and lower AddiQoL-30 scores (r=-0.347, P=0.028). The frequency of adrenal
crisis also correlated with levels of CD4 (r=0.338, P=0.029) and FGF21 (r=-0.317,

P=0.041) (correlations not corrected for multiple testing).

For subgroup analyses, female patients had significantly higher levels of 8
biomarkers compared with female controls (IL6, MCP1, galectin 9, spondin 2, death
receptor 4, placenta growth factor, RAGE, and tumor necrosis factor receptor
superfamily member 9). In contrast, there were no significant differences in
biomarker levels between male patients and male controls, or between patients with

and without RAF (P<0.050 and FDR 5%).

In patients without RAF, levels of programmed cell death ligand 2 (PDL2) and leptin
significantly declined 60 minutes after injection of ACTH .24 compared with baseline

levels (-0.15 NPX, P=0.0001, and -0.25 NPX, P=0.0003, respectively).
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5. Discussion

5.1 Discussion of the Main Results

5.1.1 Laboratory Findings at Diagnosis

In Paper I, we found hyponatremia to be present in most patients at diagnosis. The
fact that low sodium is the most frequent electrolyte disturbance in clinical practice
(118) and that most patients without adrenal crisis only had mild hyponatremia add to
the challenge of early diagnosis in AAD. Still, the prevalence of hyponatremia
increases with age, and it is less common in the 30 to 50 year-age-group when AAD
typically emerges (118). We therefore suggest that an unexplained low sodium value
in younger patients who present with unspecific symptoms and signs could warrant

consideration of undiagnosed AAD.

Suspicion of AAD could be further spurred by the additional finding of elevated
TSH, as found for half of the patients who did not have known thyroid disease. Of
note, there is a well-known link between primary hypothyroidism and hyponatremia
as well (119, 120). However, both the frequency and the degree of hyponatremia
seem to be lower in patients with primary hypothyroidism compared with the findings

at diagnosis of AAD given in Paper L.

Several mechanisms may contribute to increased levels of TSH in patients with
untreated AAD. For one, it could reflect an undiagnosed, concomitant autoimmune
thyroiditis, but we were hindered from evaluating this in most patients as any
measurement of TPO autoantibodies had not been recorded. Alternatively, elevated
TSH could have resulted from the lack of inhibition by cortisol, as known from the
literature and here implied by the negative correlation between levels of cortisol and
TSH. Thyroid hormone, on the other hand, induces cortisol metabolism (74). The
clinician should therefore beware that a patient with unspecific health complaints and
elevated TSH who deteriorates after initiation of levothyroxine treatment for assumed

hypothyroidism might instead have undiagnosed AAD (74, 121).
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Contrary to widespread opinion, hyperkalemia was only found in one-third of
patients, and other non-hormonal routine laboratory tests were largely normal as well.
Nearly one in ten patients had normal values of both serum sodium and serum
potassium at diagnosis, highlighting that electrolyte disturbances are not mandatory
in untreated AAD. A high potassium value, especially if accompanied by low
sodium, would still strengthen the suspicion of AAD. The degree of hyponatremia
and hyperkalemia further seem to reflect the severity of the disease, found to be

significantly more distinct in patients with adrenal crisis.

Beyond findings in routine laboratory tests, 87% of the Swedish patients were
considered to have hyperpigmented skin at diagnosis. This is somewhat higher than
the reported frequency of 74% with hyperpigmentation at diagnosis in a previous
Norwegian study (20), but both figures illustrate how an unexpected darkening of the

skin may be a valuable clue to the diagnosis.

We found low cortisol, low aldosterone, low DHEAS, high ACTH, and high plasma
renin activity or concentration to be consistent findings in untreated AAD. Of note,
we found that normal serum cortisol at baseline or after the ACTH stimulation test
could not be used to exclude AAD, illustrated by three patients presenting with
baseline cortisol levels exceeding 500 nmol/L and in one of them, peak stimulated
cortisol of 703 nmol/L. Two of the patients used oral contraceptive pills, and an
actual hypocortisolism was therefore likely camouflaged by increased CBG, further
indicated by a mere 35 nmol/L increase in cortisol following ACTH .24 stimulation in
one of them. The third patient was probably diagnosed at an early stage, due to
concomitant diabetes mellitus type 1 and primary hypothyroidism, and likely had

residual GC production.

5.1.2 Residual Corticosteroid Production

In Paper 11, we found residual production of GCs in 30 % and residual production of
MCs in 14 % of patients with AAD. The observation that residual production of GCs
was more common than residual production of MCs corresponds to the classical

natural history of AAD, with impaired zona glomerulosa function typically preceding

zona fasciculata impairment (19). It is currently not known where in the body the
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residual corticosteroid production occurs, but it could hypothetically arise from
remnant adrenocortical stem cells that are spared from the autoimmune attack,
ectopic adrenocortical tissue, or reflect a compensatory increase in local

corticosteroid synthesis in various organs (2, 122, 123).

Against our hypothesis, we were not able to demonstrate any link between residual
corticosteroid production and clinical outcomes, including frequency of adrenal crisis
or HRQoL. While such links may not exist, the lack of significant associations could

also relate to methodological limitations, as further discussed below.

We were surprised by the clear preponderance of men among patients with residual
GC production. Possible mechanisms for this are currently not known but could relate
to sex-specific differences in general immunology and or adrenal biology (124, 125).
Specifically, animal models indicate that turnover rates for adrenocortical tissue
differ between the sexes, three times faster in females compared to males, postulated
due to the inhibitory effects of high androgen levels (124-126). Epidemiological
studies further demonstrate a female predominance in most adrenocortical diseases,
including AAD, adrenal Cushing’s syndrome, mild autonomous cortisol secretion,
KCNJ5 mutations in aldosterone-producing adenomas, and adrenocortical carcinoma
(127-129). In addition, there are fundamental differences in immune function
between women and men, driven by genetic, hormonal, and environmental factors
(130). In general, women mount stronger immune responses than men, yielding better
protection against pathogens but also higher susceptibility to autoimmune diseases
(130). Taken together, one could speculate that sex-specific differences in
adrenocortical biology and or a weaker autoimmune attack could contribute to more
adrenocortical tissue being spared in men with AAD compared with women, possibly
underlying the higher frequency of residual GC production in men. This hypothesis

should be further investigated in the future.

We found residual production of both GCs and MCs to be significantly associated
with shorter disease duration, but importantly, present in patients diagnosed several
decades ago as well. The wide range in disease duration indicates great heterogeneity

in the natural history of AAD after diagnosis, as suggested by others as well (43-46,
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48). Looking to other autoimmune diseases may provide clues to how and why
residual production of corticosteroids may be possible even in longstanding AAD.
For instance, it may be that the autoimmune attack in AAD wax and wane as in
Graves’ disease and multiple sclerosis, allowing for intermitting regeneration of
functional adrenocortical tissue (122). In type 1 diabetes, however, the autoimmune
destruction of pancreatic f cells is considered to be constant, but interestingly,
persistent secretion of C peptide has been described in approximately one-third of
patients (131), and even here more common in men and shorter disease duration

(132).

The finding that patients with residual production of MCs had significantly lower
doses of fludrocortisone could indicate less need for MC replacement. While elevated
plasma renin concentration was an expected finding given the withdrawal of
fludrocortisone, the significantly higher levels in patients with residual production of
MCs hypothetically suggest that an activated renin-angiotensin-aldosterone-system

may stimulate MC production in patients with remnants of zona glomerulosa tissue.

Hypothetical implications of residual corticosteroid production extend to the prospect
of stimulatory treatment to improve adrenocortical function. In line with previous
studies, we found only a limited increase in cortisol levels following ACTH.24
stimulation in patients with residual GC production (46, 48). Still, there seemed to be
a close connection between the degree of residual GC production and any stimulatory
potential, indicated by the strong correlations between higher baseline cortisol levels
and peak stimulated cortisol, as seen in Paper I as well. Indeed, in clinical trials to
improve adrenocortical function in AAD with repeated tetracosactide injections and
or B-cell-depleting therapy, transient or lasting improvement has mainly been found
in patients with the highest levels of baseline or peak stimulated cortisol at study

entry (117, 133, 134).

5.1.3 Biomarkers of CVD and Inflammation

In Paper III, we identified 18 biomarkers of CVD and inflammation that were
significantly higher and one biomarker significantly lower in patients with AAD

compared with matched controls. The 19 biomarkers included apoptotic agents
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(galectin 9, death receptor 4 and 5 (135, 136)), inflammatory agents (IL6, MCP1,
RAGE, lymphotactin, CD4, tumor necrosis factor receptor superfamily member 9,
interleukin 12b (135, 137-142)), regulators of bone homeostasis (receptor activator of
nuclear factor kappa-B and its ligand, fibroblast growth factor 23 (143)), a vasoactive
agent (adrenomedullin (144)), and modulators of general physiological processes,
such as metabolism (FGF21 (145)), tissue remodeling (matrix metallopeptidase 12
(146)), cell adhesion (P-selectin glycoprotein ligand 1, spondin 2 (147, 148)), and
sulfation (sulfotransferase 1A1 (149)).

Several of these biomarkers have previously been linked to the pathogenesis of
autoimmune, cardiovascular, and metabolic diseases. For one, the single most deviant
biomarker in AAD compared with controls, FGF21, is reported to predict future risk
and progression of cardiometabolic diseases as well as overall mortality (145). On the
other hand, clinical trials have demonstrated improved cardiometabolic outcomes
following injection of FGF21, suggesting that FGF21 may increase as a
compensatory response to excess metabolic stress and or represent FGF21 resistance
(145, 150). Beyond roles in cardiometabolic risk, FGF21 has been implicated in the
development and renewal of adrenocortical tissue, and experimental data suggest that

injection of recombinant FGF21 could stimulate cortisol secretion in mice (151).

There is a well-established association between elevated IL6 and CVD risk, with
mounting evidence from large-scale human studies even pointing to causality (152,
153). In this regard, it is interesting to note that elevated IL6 seems to be a consistent
finding in PAI regardless of any recent intake of corticosteroid replacement or food
(83, 89) even though both cortisol exposure and food intake have been reported to
significantly influence IL6 levels (89, 154).

It is increasingly being recognized that women and men differ concerning
epidemiology, pathophysiology, clinical manifestations, treatment response, and
prognosis in CVD (155). In AAD, the excess risk of CVD seems to be sex-specific as
well, implied by a Swedish population-based study finding significantly higher
incidence rates of ischemic heart disease in women but not men with AAD compared

with their sex-specific controls (82). We were therefore intrigued to find a similar
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pattern of sex-specific difference in biomarker profiles, with eight biomarkers
significantly higher in female patients and controls, but no significant difference in
any biomarker levels between male patients and controls. It has been suggested that
women with AAD may be more prone to GC overreplacement, possibly contributing
to the sex-specific differences in CVD susceptibility (82). More autoimmune
comorbidity in women with AAD could theoretically play a role as well, in line with
the recent finding that CVD risk cumulatively increases with the number of
autoimmune diseases (94). In Paper 11, however, there was no significant difference
in hydrocortisone equivalent doses per kg or body surface area, and while there was a
higher proportion of women with APS2 compared with men, it was not significantly
different (data not shown). Taken together, future research should seek to identify
which factors underly the sex-specific difference in CVD risk in AAD and further
explore any pathophysiological roles of the eight biomarkers we found elevated in

women with AAD.

We were further intrigued by the significant associations between levels of RAGE,
CD4, and FGF21 and frequency of adrenal crisis and, for RAGE, AddiQoL-30 scores
as well. Future longitudinal studies are needed to assess their potential as markers of
disease severity or any pathophysiological contribution to the interindividual
variation in clinical outcomes in AAD. Nevertheless, we find it plausible that levels
of inflammatory markers could be linked to clinical outcomes, as seen for a broad
range of other conditions (156) and suggested in adrenal insufficiency by others as
well. Specifically, Ekman et al found negative correlations between levels of C-X-C
motif chemokine 11 and HRQoL subscores for general and physical health in 15
patients with AAD (100), and Isidori et al demonstrated significant associations
between levels of soluble CD16 and metalloproteinase domain-containing protein 17

and the number of infections in 89 patients with adrenal insufficiency (85).

Hypothesizing that inflammatory biomarkers could provide hints as to why a
subgroup of patients with AAD preserve some adrenocortical function, we compared
biomarker profiles between patients with and without RAF, but no significant

differences were identified. We cannot exclude that the analysis may have been
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influenced by an insufficient number of patients in each subgroup and or the

inclusion of very low cortisol levels in the definition of RAF.

In support of extra-adrenal effects of ACTH, we found that levels of PDL2 and leptin
significantly declined following an increase in ACTH levels from high to very high in
patients without RAF.

We are not aware of other studies suggesting a regulatory role of ACTH on PDL2.
Being ligands to the same PD1 receptor, PDL1 and PDL2 both regulate
inflammation, but some functional differences exist, partly due to the higher binding
affinity but more restricted expression of PDL2 compared with PDL1 (157). In the
context of autoimmune diseases, PDL1 variants have been implied in AAD risk

(158), but any links to PDL2 variations have not yet been established.

We are not the first to suggest an inhibitory role of ACTH on leptin secretion (159),
but whether this may influence appetite regulation in AAD is uncertain. The lack of a
significant correlation between ACTH and leptin levels at baseline in patients without
RAF might suggest that ACTH exerts a short-term regulatory effect on leptin levels
that is lost in chronically elevated levels. In line with this, a previous study on 63
patients with AAD found no significant correlations between levels of ACTH and

leptin in morning serum samples during GC withdrawal (91).

5.2 Methodological Considerations

5.2.1 Study Design and Study Participants

A principal strength of the present work is the focus on autoimmune etiology, ensured
by only including patients with 210OHab and chronic use of GC and MC replacement
medication. Of note, autoimmunity is only one of several possible etiologies of
adrenal insufficiency and is less common than an iatrogenic cause (i.e. following
prolonged, high-dose GC therapy) or pituitary disease (24). Important shared traits
across disease etiologies include the vital need for GC replacement, and in PAI, MC
replacement as well, but fundamental differences in pathophysiology and

comorbidities imply that what is true for one etiology may not be generalizable to
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others. While studies including multiple etiologies of adrenal insufficiency may better
reflect the real-life experiences of endocrinologists, the abovementioned differences
may influence study results and complicate the interpretation. Still, studies on non-
autoimmune Al are often cited in the context of AAD, pointing to the need for more

AAD-specific research (59, 82).

Other general strengths include the well-characterized patient cohorts and the high
number of participating study centers. Including patients from several different
geographical sites (Papers I-IIT) and from different time periods (Paper I)
contributed to improving the generalizability of the findings. In Papers I and II,
selection bias was reduced by inviting all patients who fulfilled the inclusion criteria
at the participating study centers. Employed in Paper I, ROAS and the Swedish
Addison Registry are estimated to include approximately 65% and 50% of patients
with AAD in Norway and Sweden, respectively (21, 160). Papers I-II1 were further
designed to avoid any influence of adrenocortical steroid replacement on laboratory
findings, by noting laboratory values before initiation of adrenocortical steroid

replacement in Paper I and after > 18 hours of withdrawal in Papers II and I11.

Important limitations apply as well. In Paper I, the retrospective design yielded
limited control with reported data. For instance, not all laboratory values of interest
had been recorded for every patient, and the time point of blood sampling was not
always provided. Moreover, there was some variation in the laboratory methods and
reference ranges used by the participating study centers and in the different decades.
To partly adjust for this, we chose to dichotomize some of the laboratory values to

elevated or not elevated.

In Papers II and 111, study participants were prospectively included, but the cross-
sectional study design hindered any evaluation of longitudinal trends. In Paper 11,
quantifiable levels of cortisol or aldosterone with its precursor were verified in the
later ACTH1-24 stimulation test, indicating that residual production of adrenocortical
steroids might be a persistent phenomenon, but the significant association to shorter
disease duration suggests that levels decline over time. While Napier et al

demonstrated a rapid decline in adrenal steroidogenesis the first month after initiation
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of replacement therapy in AAD (48), the natural history of residual adrenocortical
function in longstanding AAD remains unknown. The cross-sectional study design
was an even greater issue in Paper 111, as we could not assess any predictive capacity
of deviant biomarker levels on CVD risk. We were further hindered from evaluation
of any short- or long-term effects by different doses of GC, MC, or DHEA

replacement on biomarker profiles.
5.2.2 Definitions

Adrenal Crisis

Despite its severity, there is no universal definition of adrenal crisis, and no available
clinical tool to detect its emergence or presence. While suggested definitions
generally require an acute and severe deterioration in health status, additional
definition criteria range from none at all to detailed clinical and biochemical features,
expected time frame for improvement following parenteral GC administration, as
well as grading systems relating to the extent of health care required for the adrenal
crisis to resolve, e.g. outpatient care or hospital admission, or whether the adrenal

crisis had deadly outcome (60, 68-71).

In Paper I, a retrospective audit of recorded data hindered firm adherence to a
detailed definition of adrenal crisis. Instead, we chose a pragmatic definition based on
frequently suggested features of adrenal crisis and the information available: acute
hospital admission, systolic blood pressure < 100 mmHg, and on clinical judgment
considered to be in an adrenal crisis. Thirty-three percent of the patients fulfilled all
three pre-defined criteria. However, this may have been an underestimate as 70 % of
the patients were diagnosed during an acute hospital admission, but half of them
failed the criterion of systolic blood pressure under 100 mmHg and were therefore
not defined as in adrenal crisis. For instance, two of the patients who were diagnosed
during an acute hospital admission had low serum cortisol (<1 and 50 nmol/L,
respectively) and severe electrolyte disturbances (serum sodium 103 mmol/L and
serum potassium 8.6 mmol/L, respectively), but systolic blood pressure above 100
mmHg. One could speculate that the number of patients considered to suffer an

adrenal crisis might have been higher if relative hypotension (i.e. systolic blood
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pressure more than 20 mmHg lower than usual) had been included in the definition,

as suggested by Rushworth et al (68), but this information was not available.

In Papers II and III, the number of adrenal crises in the past year was given by the
patient. Even though the structured history form defined an adrenal crisis as an acute
hospital admission with intravenous infusion of hydrocortisone, the given number
was not cross-checked against medical records. This may have caused the number of
adrenal crises to be erroneous for several reasons, including recollection bias and
different perceptions of what an adrenal crisis is (109). Indeed, in a prospective study
on 110 patients with AAD in Germany, Meyer et al found ten cases of adrenal crises
that fulfilled the predefined criteria, but a three times higher frequency of patient-
perceived crises, which were defined as subjective pre-crises (109). Specifically, the
study found frequencies of 10.9 adrenal crises per 100 patient years but 33.4 cases of
subjective pre-crises (109). In comparison, we found frequencies of 18.8 and 32.6
adrenal crises per 100 patient years Papers II and II1, respectively, suggesting that
the given numbers are overestimates or rather reflect subjective pre-crises. Compared
with overt adrenal crises, subjective pre-crises likely pose less of a threat to health
and life, but may still be clinically relevant, as indicated by the significant association
to lower HRQoL found by Meyer et al (109). It is further possible that a subjective
precrisis could develop into an overt adrenal crisis if the patient does not increase the

GC replacement medication.

of a consensus definition for adrenal crisis constitutes a major methodological issue
in research on adrenal crisis in general and on incidence rates in particular (70).
While a strict and detailed definition may be ideal for research purposes, there might
be a need for a broader, clinical definition as well to ensure timely recognition and
treatment of an adrenal crisis even if not all stringent criteria are met. Further work is
also needed to evaluate any clinical relevance of subjective pre-crises in AAD and

how these should be managed.

Residual Corticosteroid Production
Previous studies on preserved production of corticosteroids in PAI have applied

different terminology, methodology, and cut-off levels (46-48, 117, 134, 161).
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In Paper II, we used the term “residual corticosteroid production”, defined as
quantifiable levels of both cortisol and 11-deoxycortisol for residual GC production
and both aldosterone and corticosterone for residual MC production. The >18 and
>24 hours withdrawal of GC and MC replacement, respectively, was considered
sufficient for medication wash-out and still short enough to avoid any adrenal crisis, a
fundamental ethical premise for the conduction of the study. Still, we found low but
detectable levels of cortisol in several patients, likely representing incomplete
elimination of hydrocortisone or cortisone acetate from the previous day. The
usefulness of including the GC and MC precursors in the definitions was further
illustrated by the measurement of serum cortisol of 797 nmol/L but undetectable 11-
deoxycortisol levels in one of the study participants. The finding raised suspicion
about the intake of GC replacement medication before blood sampling, which was
later confirmed by the patient. Moreover, it served to increase our confidence that the
conversion of 11-deoxycortisol to cortisol by 11B-hydroxylase is unidirectional, as

reported in the literature (162, 163).

The strong correlations between levels of cortisol and 11-deoxycortisol and levels of
aldosterone and corticosterone in Paper II might imply that measurement of the
precursors could be sufficient for the evaluation of residual production of GCs or
MCs in AAD. In line with this, Vulto et al found detectable 11-deoxycortisol (>
0.025 pmol/L) in 8 of 20 patients with PAI shortly after intake of their morning
hydrocortisone dose (47). In the study by Vulto et al, any residual production of MCs
was assessed as well, with corticosterone >0.17 pmol/L detected in 7 of 20 patients
with PAIL Importantly, the blood samples had been obtained shortly after patients had
taken their morning corticosteroid replacement doses, indicating that medication
withdrawal may not be mandatory when focusing on corticosteroid precursors to

assess endogenous corticosteroid production in PAL

The low limits of quantification allowed by the LC-MS/MS assay contributed to the
relatively high proportion of patients defined to have preserved production of GCs
and or MCs. Changing the definition criteria to stimulated peak cortisol > 100 nmol/L

decreased the prevalence to 10 % in Paper 11, which is closer to the 14 % found by
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Napier et al (48). While even a low degree of residual corticosteroid production is an
interesting finding in itself, it is unlikely to be clinically relevant and might have
contributed to the lack of significant associations with clinical outcomes, e.g. HRQoL
or frequency of adrenal crisis. However, post-hoc analyses requiring higher levels of
cortisol or aldosterone, e.g. within normal reference ranges, could neither detect

significant differences in clinical outcomes.

Acknowledging the disadvantages of diverse terminology, we decided to adopt the
abbreviation “RAF” in Paper 111, as used by others. The term “residual adrenal
function” might date back to 1953, in a paper on the clinical course following adrenal
resection in patients with severe hypertension (164). It was later applied by Gan et al
to describe peak stimulated cortisol above 400 nmol/L in two patients with AAD
following regular injections of ACTH .24 (117). In 2020, the same researchers
introduced the abbreviation “RAF” and extended the definition to include serum
cortisol levels of 99 mmol/L or more while abstaining from any corticosteroid
replacement (161). To emphasize the focus on the adrenal cortex, we chose to write it
out as “residual adrenocortical function” instead of the more general “residual adrenal

function”.

To summarize, it is not currently evident what might be the best definition of RAF to
be applied in future studies. While consensus on the terminology could be relatively
easy to establish, more work is needed to determine whether the definition should
include the precursor and or the main corticosteroid only, whether to use baseline or

peak stimulated values, and importantly, what cut-off levels should be applied.

5.2.3 ACTHi-4 Stimulation Test

In line with established clinical practice and international guidelines, we found the
ACTH:-24 stimulation test to be useful for diagnosing and verifying PAI in Papers I
and II, respectively. However, the test may have been less suited for the evaluation of
residual GC production (Paper II) or any GC-independent impact of ACTH on
biomarker profiles of CVD and inflammation (Paper III).
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As expected, baseline levels of ACTH were already elevated given the 24-hour
withdrawal of any GC replacement in Papers II and III. It is therefore possible that
the stimulatory potential and any GC-independent effects of ACTH had already been
maximized before the ACTH .24 stimulation test. This could contribute to explain the
limited increase in cortisol in patients with residual GC production in Paper II, as
found by others as well (46, 48), and the significant decline of only two of 177

biomarkers in patients without residual GC production in Paper II1.

Secondly, the injected dose of 250 pg tetracosactide represents a markedly
supraphysiological ACTH exposure (165), making it even more difficult to evaluate
any clinical relevance of the observed decline in PDL2 and leptin levels. In addition,
the chronically elevated ACTH in AAD might have contributed to the lack of
significant change in levels of IL6 and MCP1 in Paper 111, as seen in vitro (102).

5.2.4 Biomarker Analyses

A great advantage of proteins as biomarkers relates to their executing roles in
biological processes. Profiling of circulating proteins may therefore provide insight
into the pathophysiology of both cardiovascular and autoimmune diseases and holds
the potential to identify candidate targets for future therapeutic interventions in AAD
(166, 167). Historically, large-scale profiling of proteins (i.e. proteomics) in serum
has been hampered by technical limitations of the applied assays, including low
sensitivity, low specificity, low multiplex capacity, and high sample volume
requirements (166). The PEA technology by Olink is demonstrated to overcome these
challenges (168) motivating the specific choice to analyze the CVD II and
Inflammation biomarker panels in an exploratory study on possible mechanisms for

cardiovascular risk in AAD and any links to clinical outcomes (Paper III).

Only one study has previously compared proteomic markers of CVD in patients with
PAI and matched controls (83). Analyzing the CVD II and Inflammation panels
further allowed for the attempt to validate some of the previous findings in Paper III.
Specifically, the two panels included 34 biomarkers that had been analyzed in the

previous Swedish study on 76 patients with PAI compared with controls, including
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12 of the 17 markers found to significantly differ (83). However, we could only
replicate elevated IL6. While both the Swedish study and Paper III demonstrated
significant differences in levels of adrenomedullin and metalloprotease 12, the
direction of difference was the opposite: found higher in patients by us but lower in
patients in the other study. The discrepancies in results could partly relate to the
difference in GC exposure between the two studies. Indeed, patients in Paper I1I had
abstained from any corticosteroid replacement for at least 18 hours before the
morning blood sampling, but in the Swedish study, patients had taken their morning

hydrocortisone replacement shortly before the blood sampling (83).

Several methodological aspects beyond GC exposure may have influenced the
findings in Paper III. For one, the high number of participating research centers may
have contributed to more preanalytical error due to variation in sampling, handling,
and storing of samples, even though we had developed written instructions to
standardize study procedures across all centers (included in the Appendix).
Otherwise, the final sample sizes of patients and controls were one short compared
with the calculated requirement of 44 participants in each group, due to the removal
of the patient sample (and corresponding control sample) that did not pass the

preanalytical quality control.

Other limitations relate to missing data. Although patients had normal levels of
cholesterol, triglycerides, and HbA 1c, this information was not available for the
healthy controls, and we did not have measurements of CRP for any study
participant. Even though a previous study could not find any difference in levels of
CRP between patients with PAI and controls, it is an accessible marker of
inflammation and CVD risk (92, 93) and would therefore have been relevant for
Paper III as well. More importantly, we did not have data on several conventional
risk factors for CVD, including smoking history in patients (all controls were non-
smokers). We further lacked data on the menopausal state, but the proportion of
women being pre- and post-menopausal was probably similar among patients and
controls as they were matched for age and only one patient had premature ovarian

insufficiency.
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An important issue in biomarker research in general relates to the high risk of false
positive findings associated with multiple testing. Among suggested methods for
correction, the FDR described by Benjamini-Hochberg is considered particularly

appropriate for exploratory biomarker research and was therefore applied (169).

We cannot exclude that 60 minutes was too short to detect all effects of ACTH1-24
injection on biomarker levels. Indeed, the half-lives of the analyzed biomarkers are
largely unknown, and possible longer half-lives may have contributed to the lack of
significant change in levels for some of the biomarkers. It is further possible that food
intake might have confounded the results, as food intake has been reported to
significantly influence several of the analyzed biomarkers, including a decline in
leptin levels (62). This was less of a concern for the baseline comparison of
biomarker profiles between patients with AAD and healthy controls, as all study

participants had been instructed to eat before the morning blood sampling.

Last, but not least, any clinical implications of the biomarker findings in Paper 111
are uncertain. While the inclusion of matched controls allowed us to identify
biomarkers that were altered in patients with AAD, the relative quantification and
lack of reference ranges for the biomarkers hindered the evaluation of any clinical
relevance of the detected statistical differences. In addition, the significant findings
included both known and exploratory markers of CVD and inflammation. Scrutiny of
the peer-reviewed literature provided insight into possible roles of the altered
biomarkers in human health and disease, but for most of the biomarkers, high-quality
evidence was scarce. The presented findings are therefore best considered candidate
discoveries, useful for hypothesis generation, but require future validation and

evaluation of any clinical implications.
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6. Conclusion

This thesis has explored clues for early diagnosis and the variation in clinical

outcomes in AAD. The main conclusions are:

In untreated AAD, hyponatremia is common, but hyperkalemia is only present in
one-third of patients. Elevated TSH is present in half of the patients without known
thyroid disease. Thus, unexplained hyponatremia, especially if accompanied by
elevated TSH, should prompt consideration of AAD and lead to the paired analysis of
morning cortisol and ACTH.

Residual GC production is present in one-third of patients with AAD, more common
in men and shorter disease duration, but any clinical relevance remains to be proven.
Higher levels of endogenous GCs are associated with greater response to ACTH1.24
stimulation, and further work could explore any potential to exploit this

therapeutically.

Biomarkers of CVD and inflammation differ between patients with AAD and
matched healthy controls, especially in women. RAGE might be a marker of disease
severity, associated with the frequency of adrenal crisis and HRQoL. Injection of
ACTHi-24 reduces levels of PDL2 and leptin in a GC-independent manner, but any

clinical or pathophysiological relevance is uncertain.
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7. Future Perspectives

Above all, continuous effort should be made to disseminate evidence-based
knowledge on AAD, to increase awareness and diagnostic vigilance among

healthcare professionals, and assist self-management among patients with AAD.

While the present work does not provide the answers to why clinical outcomes vary
in AAD, it provides a basis for further work to explore the nature, clinical relevance,

and therapeutic opportunities of RAF and altered biomarker profiles in AAD.

For RAF in AAD, compelling remaining questions include: Who are the patients with
preserved GC production in longstanding disease? Where in the body is it located? Is

there a true male preponderance, and why? What may be the clinical implications?

To assess any role of genetic factors, we could make use of the recent genome-wide
association study in AAD performed by our research group and close collaborators
(170). As most patients in Paper II were included in both studies, data could be
merged to look for genetic variants that may be linked to RAF and identify potential

causal mechanisms.

To understand the natural history of RAF in AAD, a prospective study could expand
on the recent work by Napier et al showing a substantial drop in peak stimulated
cortisol one month after the initiation of GC replacement (48). Specifically, a future
study could map longitudinal changes in corticosteroid levels from diagnosis on and
explore any associations with patient characteristics, levels of inflammatory markers,
or clinical outcomes. The findings could further be adjusted for sex to assess the
indicated differences between women and men with AAD concerning the frequency

of RAF and altered biomarker profiles.

Nuclear imaging could be a useful tool in the search for the anatomical location(s) of
residual corticosteroid production, but it would require a tracer with high
adrenocortical uptake and low uptake in other tissues. The recently developed para-
chloro-2-[18F]fluoroethyletomidate seems to meet these requirements (171), and
Swedish research partners are currently planning to assess it in a follow-up study on

selected patients with residual GC production in AAD.
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While the large patient cohort in Paper II was sufficiently powered to assess the
prevalence of residual GC production, an even larger cohort might be needed to
determine whether higher levels of endogenous GCs are associated with clinical
outcomes or could allow for a reduction in GC replacement doses. In addition,
clinical trials should continue to explore whether a greater GC response to ACTH
stimulation can be exploited therapeutically to improve adrenocortical function in

AAD, as indicated by previous work (117, 133, 134).

Furthermore, there is a need for a better understanding of what drives CVD risk in
AAD, and which subgroups of patients may be more susceptible. To address this, a
national registry on Addison’s disease could be coupled to national registries on
CVDs and prescription databases to provide updated estimates on CVD incidence
rates and drug-prescription patterns, verify the sex-specific difference in risk of
ischemic heart disease found in Sweden (82), and identify other patient characteristics
associated with more CVD in AAD. Next, a prospective case-control study could
compare biochemical data between patients with AAD who have developed CVD and
patients who have not. Candidate biomarkers for CVD, including biomarker findings
in Paper III, could be analyzed in serum samples obtained one, five, or ten years

ago, or at the time of diagnosis, to evaluate any predictive capacity for CVD risk.

An important future task is to establish consensus definitions of adrenal crisis and
RAF in AAD. For adrenal crisis, two definitions may be required; one stringent
definition to be used for research purposes and one broader definition to aid timely
recognition and adequate management among patients, relatives, and health care
professionals in general. For RAF, consensus definitions should be made for residual
production of corticosteroids in general (i.e. RAF) and GCs and MCs separately. The
definitions should state the recommended terminology, the biochemical criteria, and
how it should be assessed. Specifically, it should establish which corticosteroids
should be measured (e.g. precursors only or the main corticosteroid as well), the use
of baseline or peak cortisol levels following ACTH.24 stimulation, and ideally,

differentiate between detectable and clinically significant levels of corticosteroids.
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9. Appendix

9.1 Structured History Form in Paper II (in English)

Background

Etiology

Year of diagnosis

Informed consent

Sex

Diagnostic criteria

Elevated ACTH, low cortisol

Pathological cosyntropin test

Chronic use of (hydro)cortisone and

fludrocortisone

Positive for 21-OH-autoantibodies (at

least once)

Autoimmunity

Diabetes mellitus type 1

Year of diagnosis

Autoimmune hypothyroidism
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Year of diagnosis

Autoimmune hyperthyroidism

Year of diagnosis

Hypoparathyroidism

Year of diagnosis

Celiac disease

Year of diagnosis

Vitamin B12 deficiency

Year of diagnosis

Autoimmune atrophic gastritis

Year of diagnosis

Primary testicular insufficiency

Year of diagnosis

Primary ovarian insufficiency

Year of diagnosis)

Vitiligo

Year of diagnosis

Alopecia

Year of diagnosis

Chronic mucocutaneous candidiasis
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Year of diagnosis

Hypophysitis

Year of diagnosis

Autoimmune polyendocrine syndrome

Family history of autoimmune disease

Treatment

Cortisone acetate/ hydrocortisone

(mg/24h, mg+mg+mg+mg)

Fludrocortisone

(mg/24h, mg+mg+mg+mg)

DHEA

(mg/24h, mg+mg+mg+mg)

Estrogen or oral contraceptive pills

Selective serotonin reuptake inhibitor

(SSRI)

Other medications

Adrenal crisis

History of adrenal crisis
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(admitted to hospital, intravenous

hydrocortisone and fluid therapy given)

Adrenal crisis at diagnosis

(admitted to hospital, intravenous

hydrocortisone, and fluid therapy given)

No. extra doses taken the last week

No. adrenal crisis the previous year

(admitted to hospital, intravenous

hydrocortisone, and fluid therapy given)

Cause(s) of adrenal crisis/ crises

No. infections the previous year

Type of infection(s) specified

Steroid emergency card provided

Emergency kit provided

Training in intramuscular emergency

injection given

Comorbidity

Cardiovascular disease

Year of diagnosis of cardiovascular

disease

Osteoporosis
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Other chronic disease

Symptoms

Answer yes if the symptom is present at

least half of 3 days a week

Salt hunger

Orthostatic hypotension

Fatigue

Anorexia

Gastrointestinal symptoms

Muscle / joint pain

Sleep disturbances

Nausea

Clinical findings

Height (cm)

Weight (kg)

BMI (kg/m?)

Increased pigmentation

Systolic blood pressure sitting (mmHg)
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Diastolic blood pressure sitting (mmHg)

Social history

Occupation

Highest level of education completed

Paid work

Social security

Household size (no. people)

Marital status

No. children

Supplementary information

9.2 Instructions for Baseline Sampling in Paper II (in English)

Stage 1: Screening

This document includes
i)  An overview of the tests to be analyzed at the local laboratory, and
il) Instructions for sampling, handling, and transport of blood and hair samples

to be analyzed at Haukeland University Hospital.

Overview of routine tests to be analyzed at the local laboratory

Laboratory test Material

Hemoglobin EDTA blood
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HbAlc EDTA blood
S-TSH Serum

S-FT4 Serum
S-Cobalamine Serum
S-Ferritin Serum
S-Cobalamine Serum
S-Sodium Serum
S-Potassium Serum
S-Cholesterol Serum
S-HDL-cholesterole Serum
S-LDL-cholesterol Serum
S-Triglycerides Serum
S-TPO-autoantibodies Serum
P-Renin concentration EDTA plasma
P-ACTH EDTA plasma

Samples are to be sent to Haukeland for analysis

Instructions for sampling, handling, and transport of samples to be analyzed at

Haukeland University Hospital.

A. Blood samples

Necessary equipment:
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o 2x screw cap micro tubes (e.g. Sarstedt)

o 1Ix leakage-proof transport container

e Sampling and handling

Any problems during the blood sampling are to be noted in the CRF for
screening.
1. Please label the two microtubes (please see the preferred labeling
below)
2. Blood samples are to be collected in 2x 5 ml serum-separator tubes.
3. Please turn the tubes carefully 5 to 10 times.
4. Place the tubes in a test tube rack for coagulation at room temperature
for 30 to 100 minutes.
5. Next, centrifuge the samples. Please make sure the speed is set to meet

the recommendations of the producer.
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. After centrifugation is completed, please make sure that the serum
separator gel constitutes a compact barrier between the blood cells and
the serum.

. Next, use a pipette to transfer the serum to the pre-labeled microtubes.

. The microtubes should be stored at minus 80 °C or sent to Haukeland

University Hospital on the same day.
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9.3 HRQoL Questionnaires (in Norwegian)

RAND-36

RAND-36 Din helse

Spersmalene under handler om hvordan du oppfatter helsen din. Disse opplysningene vil hjelpe oss til &
forsta hvordan du feler deg og hvor godt du er i stand til & utfere dine vanlige aktiviteter.

Hvert spsrsmal skal besvares ved a sette et kryss (X) i den boksen som passer best for deg.

1. Stort sett, vil du si at helsen din er:

Utmerket Veldig god God MNoksa god Darlig

[ [ [ [ [

2. Sammenlignet med for ett ar siden. hvordan vil du si at helsen din stort sett er na?

Mye bedre Litt bedre Litt darligere Mye darligere
na enn for na enn for Omtrent som na enn for na enn for
ett ar siden ett &r siden for ett ar siden ett ar siden ett ar siden

[ [ [ [ [

3. De neste sparsmalene handler om aktiviteter som du kanskje utfarer i lapet av en vanlig

dag. Er helsen din slik at den begrenser deg i utferelsen av disse aktivitetene na?

Hvis ja, hvor mye? [Kryss (X) en boks pa hver linje.]

Nei,
Ja, Ja, begrenser
begrenser begrenser meq ikke i det
meg mye meq litt hele tatt

a Anstrengende aktiviteter som a lepe, lafte tunge
gjenstander, delta i anstrengende idrett l:‘

[]

b Moderate aktiviteter som & flytte et bord, stevsuge,
ga en spasertur eller drive med hagearbeid

c Lefte eller baere poser med dagligvarer
d Ga opp trappen flere etasjer

e Ga opp trappen én etasje

f Beye deg eller ga ned pa kne

g Ga mer enn to kilometer

h G4 flere hundre meter

I I O o O O I O O A O
I I Y I B A I A

i Ga hundre meter

I I O o 0 O I B O A O

[]
[]

j Dusje eller kle pa deg

RAND Cc ion, USA, har til det i ige skjemaet, som ble utviklet innen Medical Outcomes Study.
Nasjonalt kunnskapssenter for helsetjenesten distribuerer oversettelsen av RAND-28, norsk versjon 1.




I lepet av de siste fire ukene, har du hatt noen av de falgende problemene i arbeidet ditt eller i
andre daglige aktiviteter pa grunn av din fysiske helse?
Ja MNei

Kuttet ned pa hvor mye tid du brukte pa arbeid eller andre aktiviteter
Fatt gjort mindre enn du ensket

Veert begrenset i type arbeidsoppgaver eller andre aktiviteter

O 0O O
O OO0

Hatt problemer med 3 utfere arbeidet eller andre aktiviteter
(for eksempel at det krevde en ekstra innsats av deg)

| lepet av de siste fire ukene, har du hatt noen av de felgende problemene i arbeidet ditt eller

i andre daglige aktiviteter pa grunn av felelsesmessige problemer (som a fele seg engstelig
eller deprimert)?

Ja Nei
Kuttet ned pa hvor mye tid du brukte pa arbeid eller andre aktiviteter l:l l:‘
Fatt gjort mindre enn du ansket [] []
Utfert arbeid eller andre aktiviteter mindre grundig enn vanlig l:l l:‘

| lepet av de siste fire ukene, i hvilken grad har den fysiske helsen din eller felelsesmessige
problemer pavirket dine vanlige sosiale aktiviteter med familie, venner, naboer eller andre
grupper mennesker?

lkke i det hele tatt Litt Moderat Ganske mye Ekstremt mye

[ [ [ [ []

Hvor mye kroppslige smerter har du hatt i lepet av de siste fire ukene?

Ingen Veldig svake Svake Moderate Sterke Veldig sterke

[ [] [ [ [ [

RAMD Corporation, USA, har opphavsrett til det opprinnelige skjemaet, som ble utviklet innen Medical Cutcomes Study.
Masjonalt kunnskapssenter for helsetjenesten distribuerar av RAND-36, norsk versjon 1.




| lepet av de siste fire ukene, hvor mye har smerter pavirket det vanlige arbeidet ditt (gjelder
bade arbeid utenfor hjemmet og husarbeid)?

Ikke i det hele tatt Litt Moderat Ganske mye Ekstremt mye

[ [ [ [ [

De neste sparsmalene handler om hvordan du feler deg og hvordan du har hatt det i lepet
av de siste fire ukene. For hvert sparsmal, ber vi deg velge det svaret som best beskriver
hvordan du har felt deg.

Hvor ofte i lepet av de siste fire ukene:

Mesteparten En god Noe Litt
Hele av del av av av
tiden tiden tiden tiden tiden Aldni

Har du folt deg full av liv? [] [] [] []

[]
[]

Har du vaert veldig nerves?

Har du falt deg sa langt nede at
ingenting kunne gjere deg glad?

Har du felt deg rolig og
avslappet?

Har du hatt mye overskudd?

Har du felt deg nedfor
og deprimert?

Har du felt deg utslitt

I Y I A
I Y I A
Ty Y I B

Har du felt deg glad?

O O 00dod o
0 O O A O
O O 00dod o

Har du felt deg sliten? l:‘ l:‘ |:|

| lepet av de siste fire ukene, hvor mye av tiden har den fysiske helsen din eller
felelsesmessige problemer pavirket dine sosiale aktiviteter (som a besake venner, slektninger
osv.)?

Mesteparten En del Litt
Hele tiden av tiden av tiden av tiden Aldri

[ [ [ [] [

RAMND Corporation, USA, har epphavsrett til det opprinnelige skjemaet, som ble wtviklet innen Medical Outcomes Study.
Masjonalt kunnskapssenter for helsetjenesten distribuerer oversettalsen av RAMND-34, norsk versjon 1.



11.  Hvor RIKTIG eller GAL er hver av de falgende pastandene for deg?

Helt
riktig

a Det virker som om jeg blir syk litt lettere l:l

enn andre

b Jeg er like frisk som de fleste jeg kjenner

darligere

d Helsen min er utmerket

c Jeg regner med at helsen min blir l:l

Stort sett
riktig

L]

[]
]
]

Vet
ikke

L]

]
]
]

Stort sett

O 0O e

RAND Corporation, USA, har cpphavsrett til det opprinnelige skjemast, som ble utviklet innen Medical Outcomes Study.
sten distribuerer oversettelsen av RAND-38, norsk versjon 1.

ter for hel

&l

Masjonalt kunr
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AddiQoL-30

AddiQoL

Helserelatert livskvalitet ved Addisons sykdom

Spersmalene under belyser ditt syn pa helsetilstanden din de siste 4 ukene, og hva du tenker om
livet generelt. Ikke bruk for lang tid pa a svare, da det har vist seg at det ferste svaret oftest er det
mest neyaktige. Vi ber deg om a besvare alle sparsmalene.

Ikke i - Nesten
Littav | Endel | Mye av .
det hele | . q 5 hele Alltid
tatt tiden |av tiden| tiden i

Jeg er fornegyd med min helse

Jeg kan holde det gaende hele dagen
uten a bii trett

Dagligdagse aktiviteter gjer meg sliten

Jeg ma ta meg sammen for A gjare
ferdig det jeg holder pa med

Jeqg ma presse meg selv til 3 gjare ting

Jeq mister traden i hva jeg vil si

Jeg sover godt

Jeq feler meg uthvilt nar jeg vakner om
morgenen

Jeq feler meg uvel nér jeg vakner om
morgenen

Jeg er fomsyd med mitt seksualliv

Jeg er avslappet

Jeg faler meg nedstemt eller deprimert

Jeg er imitabel

Jeg synes det er vanskelig & tenke klart

Jeg faler meg svimmel og er

Jeg svetter uten spesiell grunn
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AddiQoL

Helserelatert livskvalitet ved Addisons sykdom

Ikke i . Nesten
dethele | (il |ovtiden | tiden | Nele | Alid

Jeg har hodepine
Jeg er kvalm
Jeg har vondt i ledd og/eller muskler
Jeg har vondt i ryggen
Jeg feler meg svak i beina
Jeg er bekymret for min helsetilstand
Min arbeidskapasitet er begrenset
Jeg klarer godt a konsentrere meg
Jeg feler meg glad
Jeg feler meg full av tiltakslyst

e e I el

Jeg feler meg i god fysisk form

Jeg blir lettere syk enn andre

Jeg trenger lang tid pa & komme meg nar
jeq har vaert syk

Jeq mestrer godt felelsesladede
situasjoner
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9.4 Calculations of HRQoL Scores

RAND-36

The Research and Development 36-item (RAND-36) consists of 36 items grouped
into one of the following eight health concepts (172): physical functioning (PF), role
limitations caused by physical health problems (RP), role limitations caused by
emotional problems (RE), social functioning (SF), general mental health(MH),
vitality (VT), bodily pain (BP), and general health (GH). Analyzing RAND-36 scores
is a four-step process. First, for each separate item, the patient marks a number
between one and two, one and four, or one and six. Second, 10 items require recoding
to a positive statement for higher scores to indicate better health. Third, items
belonging to the same health concept are added together to create an algebraic sum.
Finally, the algebraic sums are transformed into a score between 0 and 100, where a

higher score represents a more favorable health state (172).

AddiQoL

AddiQoL is a disease-specific questionnaire developed by our group to assess
HRQoL in patients with Addison’s disease (173). The questionnaire exists in two
versions, containing either eight (AddiQoL-8) or 30 (AddiQoL-30) items. For every
item, patients mark their answers on a scale from one to six. Each question belongs to
one of four domains: fatigue, emotional well-being, adrenal insufficiency-related
symptoms, and miscellaneous. For positive statements, one represents the worst, and
six represents the most favorable health state. Negative statement scores are later
inversed to align with positive statements. Finally, all numbers are added to give a

total score between 30 to 120 (173).
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Background. Early detection of autoimmune Addison’s
disease (AAD) is important as delay in diagnosis
may result in a life-threatening adrenal crisis and
death. The classical clinical picture of untreated
AAD is well-described, but methodical investiga-
tions are scarce.

Objective. Perform a retrospective audit of patient
records with the aim of identifying biochemical
markers for early diagnosis of AAD.

Material and Methods. A multicentre retrospective study
including 272 patients diagnosed with AAD at
hospitals in Norway and Sweden during 1978-
2016. Scrutiny of medical records provided patient
data and laboratory values.

Results. Low sodium occurred in 207 of 247 (84%),
but only one-third had elevated potassium. Other
common nonendocrine tests were largely normal.
TSH was elevated in 79 of 153 patients, and
hypoglycaemia was found in 10%. Thirty-three per
cent were diagnosed subsequent to adrenal crisis,
in whom electrolyte disturbances were significantly
more pronounced (P < 0.001). Serum cortisol was
consistently decreased (median 62 nmol L™! [1-
668]) and significantly lower in individuals with
adrenal crisis (38 nmol L™ ! [2-442]) than in those
without (81 nmol L' [1-668], P < 0.001).

Conclusion. The most consistent biochemical finding
of untreated AAD was low sodium independent of
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the degree of glucocorticoid deficiency. Half of the
patients had elevated TSH levels. Only a minority
presented with marked hyperkalaemia or other
nonhormonal abnormalities. Thus, unexplained
low sodium and/or elevated TSH should prompt
consideration of an undiagnosed AAD, and on
clinical suspicion bring about assay of cortisol

and ACTH. Presence of 21-hydroxylase autoanti-
bodies confirms autoimmune aetiology. Anticipat-
ing additional abnormalities in routine blood tests
may delay diagnosis.

Keywords: Addison, adrenal insufficiency, autoim-
mune disease, cortisol, electrolytes, endocrinology.

Introduction

Primary adrenal insufficiency, or Addison’s disease
(AD), is a rare endocrine disease occurring in 100-
220 per million [1]. Autoimmune destruction of the
adrenal cortex accounts for 80-90% of AD cases in
developed countries [2], and risk genes pertaining
to the adaptive immune system have been identi-
fied [3].

Detection at an early stage is important as delay in
proper treatment may be fatal. Indeed, an undiag-
nosed and untreated AD is lethal [4, 5]. Alarmingly,
up to half of the patients develop adrenal crisis
before being diagnosed [6]. To avoid deadly out-
come, it is crucial that physicians are able to
recognize key symptoms and signs of adrenal crisis
and know how to initiate treatment immediately
upon clinical suspicion.

Autoimmune Addison’s disease (AAD) typically
presents gradually with unspecific symptoms as
fatigue, weight loss, nausea and postural dizzi-
ness. These ambiguous features pose a major
challenge to early detection. As a result, diagnosis
is often missed and patients frequently receive
other incorrect diagnoses and treatments [7, 8].
The fact that most patients have seen multiple
doctors before the correct diagnosis is suspected
suggests that appropriate hormone testing was not
performed and emphasizes the need for new strate-
gies for early identification [7].

Even if the classical picture of untreated AAD is
well-described, it has rarely been subject to
methodical review [9, 10]. Low sodium in combi-
nation with hyperkalaemia is considered strong
indicators of AAD [6, 11, 12]. Other reported
features include hypercalcaemia, mild normocytic
anaemia, mild eosinophilia, lymphocytosis and
increased creatinine [4, 11, 13]. Hypoglycaemia
may be present, although said to be more frequent
in children than in adults [14-16]. Once suspected,
AAD is usually easy to diagnose by measuring a
paired morning cortisol and adrenocorticotropic

hormone (ACTH), ideally supplemented with assay
of 21-hydroxylase autoantibodies (210H-Ab), an
early and specific biomarker for AAD [17, 18].

Given the ambiguous presentation, and the fact
that when eventually diagnosed, many are in
adrenal crisis [19], we asked whether there are
reliable clues in commonly taken blood tests that
could facilitate early diagnosis of AAD.

Material and Methods
Subjects

We conducted a retrospective multicentre study to
identify the laboratory findings in 137 Norwegian
(diagnosed 1978-2016) and 135 Swedish (diag-
nosed 2000-2013) patients at diagnosis of AAD.

In Norway, informed consent was secured by only
including patients registered in The National
Addison Registry (ROAS), which covers >75 per
cent of all Norwegian patients with AD. In Sweden,
patients were included after signing an informed
consent to the Swedish Addison Registry [20]. SAR
contains clinical data and blood samples from
approximately 50% of all Swedish patients with
AAD [21]. We ensured population homogeneity by
restricting inclusion to confirmed AAD, evidenced
by the presence of 210H-Ab. Adrenalectomy, sec-
ondary or transient insufficiency, incomplete med-
ical records or diagnosis before 1978 (Norway) or
2000 (Sweden) led to exclusion.

Information retrieval

Medical records provided patient data and labora-
tory values at diagnosis. We registered the follow-
ing categorical variables: sex, acute hospital
admission (if yes, administration of intravenous
hydrocortisone and fluid), 210H-Ab, autoimmune
polyendocrine syndrome (APS), use of levothyrox-
ine, and in Swedish patients, hyperpigmentation.
Clinical and biochemical variables included age,
height, weight, blood pressure, S-sodium, S-potas-
sium, B-haemoglobin, S-alanine amino transferase

© 2017 The Association for the Publication of the Journal of Internal Medicine 191
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(ALAT), S-calcium, S-creatinine, S-glucose, ran-
dom S-cortisol, stimulated S-cortisol, P-adrenocor-
ticotropic hormone (ACTH), S-aldosterone, P-renin
activity, P-renin concentration, S-dehydroepian-
drosterone sulphate (DHEAS), S-thyroid stimula-
tion hormone (TSH) and thyroid peroxidase
autoantibodies  (TPO-Ab). Laboratory values
obtained after initialization of replacement treat-
ment were excluded, except 210H-Ab as assays in
many cases were performed at a later time-point.
Cortisol, ACTH, aldosterone, PRA and renin con-
centration values marked as less than’ or ‘more
than’ were entered as the stated number. To
investigate the correlation between hypoglycaemia
and age, glucose levels were divided into two
groups of > or <3 mmol L™!. To explore the
inhibitory effect of cortisol on TSH levels, 29 of
145 patients were excluded due to ongoing treat-
ment for hypothyroidism. TSH values were then
dichotomized as elevated or not.

Laboratory methods have obviously been changed
numerous times over the course of 38 years, and
methods may have varied between hospitals. We
chose to give measured values. When reference
ranges clearly differed between hospitals, this is
indicated in the text or converted to normal,
elevated or low values.

Defining adrenal crisis

There is no universal consensus regarding defini-
tion of adrenal crisis, yet systolic blood pressure
<100 mmHg is a frequently suggested feature [22—
24]. In this study, patients were categorized as
having adrenal crisis when meeting the following
three criteria: admitted acutely to hospital, found
hypotensive (systolic BP < 100 mmHg) and on
clinical judgement considered to be in an adrenal
crisis.

Statistics

Results are expressed as median [range] or as
mean (+standard deviation) when appropriate. The
Mann-Whitney independent sample U-test was
employed to compare differences between groups.
Correlation between age and glucose, random
cortisol and stimulated cortisol, random cortisol
and ACTH, stimulated cortisol and ACTH, and
random cortisol and TSH were determined using
the Spearman’s rank correlation analysis. P-values
were two-tailed, and significance was considered
established at 0.05 for group comparison analyses
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and correlation of age and glucose, and 0.01 for the
remaining correlations.

Results
Subjects

A total number of 272 individuals were included
displaying a wide age range (5-79 years) and
consisting of more women (n=173) than men
(n=99). One-hundred and eighty-seven of 265
(69%) patients were diagnosed during an acute
hospital admission, and 78 of 240 (33%) met the
criteria of adrenal crisis. Adrenal crisis was associ-
ated with debut at slightly younger age (32.6 years
(£14.93) vs. 38.4 years (£14.48), P=0.04). One-
hundred and thirty-seven of 255 (54%) patients had
a concomitant autoimmune disease at diagnosis or
have been diagnosed with APS later on. Patient
characteristics are summarized in Table 1.

Clinical features at diagnosis

Medical records provided information on body
mass index (BMI) in 91 adults. Twenty-two had
BMI less than 18.5 kg m~2. There was no signifi-
cant difference in BMI of patients with (20.1 [13.7-
32-3]) compared to those without crisis (20.1
[15.8-34.4], P=0.821). Records of systolic and/
or diastolic blood pressures were retrieved from
224 patients. Ninety-three patients (42%) pre-
sented with systolic blood pressure <100 mmHg,
and 59 (26%) patients had diastolic pressures
<60 mmHg. Hyperpigmentation was found in 87%
of the Swedish patients at diagnosis.

Table 1 Patient characteristics

Male Female Total
No. of patients (%) 99 (36) 173 (64) 272
Median age at 30 (6-79) 39 (5-77) 36 (5-79)
diagnosis in
years (range)
Diagnosis at 71 (74) 116 (69) 187 (71)
acute hospital
admission (%)
Adrenal crisis at 27 (32) 51 (33) 78 (33)
diagnosis (%)
Patients with APS 40 (46) 97 (58) 137 (54)

type I, II (%)

APS, autoimmune polyendocrine syndrome.
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Common laboratory findings

Sodium and potassium concentrations were avail-
able in 247 and 242 patients, respectively. Sodium
below 137 mmol L' was present in 207 (84%).
Potassium was >5.0 mmol L' in 82 (34%). Eighty-
one (34%) exhibited both low sodium and
hyperkalaemia (Fig. 1). Only one patient had
hyperkalaemia without low sodium. Electrolyte
disturbances were significantly more pronounced
in patients with an adrenal crisis with median
sodium of 127 mmol L™' [101-138] vs. 132
mmol L™! [103-142] (P<0.001), and median
potassium  of 5.0 mmol L™'  [3.5-8.4] vs.
4.5 mmol L' [3.2-8.6] (P<0.001) compared to
those without crisis (Table 2). Eight patients had
severe hyperkalaemia (>7 mmol L™!) and accom-
panied by severe hyponatraemia (<125 mmol L™'),
very low cortisol (<80 nmol L™') and marked sys-
tolic hypotension (<80 mmHg) in all but one. The
latter patient had sodium 134 mmol L', cortisol
114 mmol L', blood pressure 105/60 mmHg, but
reached a stimulated cortisol of only 131 nmol L™".

Hypoglycaemia defined as S-glucose <3 mmol L™!
was noted in 15 of 135 patients (type 1 diabetes
mellitus (T1D) excluded) of whom two were
<18 years of age. In the remaining seven children
tested, values ranged from 4.2 to 6.0 mmol L.
There was a small positive correlation between age
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Fig. 1 Relationship between S-sodium and S-potassium
values. Horizontal dotted line depicts lower reference
range for sodium, vertical dotted line upper reference
range for potassium. Twenty-one patients with both
s-sodium > 137 mmol L™ and s-potassium <5.0 mmol L ™!
are marked in green (four patients with identical values).

and glucose levels, regardless of whether patients
with T1D were included (rho=0.169, N= 153,
P=0.037) or excluded (rho=0.172, N= 135,
P=0.047) (Fig. 2). Both the highest
(22.2 mmol L™ ') and the lowest (1.1 mmol L)
values occurred in patients with T1D. The latter
was found in a 57-year-old man with ongoing
Graves’ disease, T1D and asthma. The sudden
drop in serum glucose for no apparent reason
alerted the physician of possible increased insulin
sensitivity due to an underlying AD, and necessary
acute treatment and diagnostic workup were per-
formed. Furthermore, a 5-year-old girl presented
with serum glucose 1.9 mmol L™!, sodium
127 mmol L’l, potassium 5.4 mmol L ! and cal-
cium 1.93 mmol L™'. She had recently been diag-
nosed with hypoparathyroidism, and suspicion of
AAD was confirmed by cortisol 218 nmol L™'
paired with P-ACTH 322 pmol L. After initiation
of glucocorticoid replacement, calcium fell to
1.48 mmol L™}, which could be due to fluid resus-
citation and/or the inhibitory effect of cortisol on
intestinal calcium absorption. Noteworthy, two of
four siblings have later also been diagnosed with
APS type 1.

Mean values of serum haemoglobin, alanine amino
transferase (ALAT), calcium, creatinine and serum
glucose levels were all well within their respective
reference ranges, although aberrant values
occurred at both extremes. Median creatinine levels
were higher in patients with adrenal crisis com-
pared with those without (91 pmol L™ [46-656] vs.
76 umol L' [28-193], P = 0.003) (Table 2).

Thyroid function

TSH was measured in 206 patients of which 53
(26%) had documented use of levothyroxine. In
patients without known hypothyroidism, TSH was
elevated in 79 of 153 (52%). TPO-Ab was only
available in 22, but a positive test indicated
untreated autoimmune hypothyroidism in eight
cases. In the remaining 71, the elevated TSH might
have been caused by lack of cortisol as there was a
small, but significant negative correlation between
TSH and random cortisol (rho = —0.248, N = 138,
P =0.003) (Fig. 3A).

Assessment of adrenal function

A random serum cortisol value was recorded in 255
patients and was as expected found consistently
low (median 62 nmol L' [1-668]) (Fig. 4A) and
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Table 2 Laboratory values at time of AAD diagnosis

Median (range)

Adrenal crisis

No adrenal crisis

Laboratory parameter N at diagnosis at diagnosis All P-value*
S-Sodium (mmol L™Y) 247 127 (101-138) 132 (103-142) 130 (101-142) <0.001
S-Potassium (mmol L™Y) 242 5.0 (3.5-8.4) 4.5 (3.2-8.6) 4.6 (3.2-8.6) <0.001
S-Creatinine (umol L) 127 91 (46-656) 76 (28-193) 79 (28-656) 0.003
S-Hb (g dL ™) 219 13.8 (7.7-16.8) 13.4 (8.7-17.4) 13.5 (7.7-17.4) 0.770
S-ALAT (U L™} 144 18 (0-144) 16 (0-191) 16 (0-191) 0.369
S-Calcium (mmol L) 146 2.38 (1.9-3.95) 2.33 (2.0-2.98) 2.33 (1.9-3.95) 0.231
B-Glucose (mmol L™ %) 153 4.8 (1.1-10.7) 5.1(1.6-22.2) 5(1.1-22.2) 0.051
S-TSH (mIE L™ Y) 206 3.4 (0-117) 4.1 (0-180) 4.1 (0-180) 0.709
Random S-cortisol (nmol L) 255 38 (2-442) 81 (1-668) 62 (1-668) <0.001
Stimulated S-cortisol (nmol L™ ?) 129 68 (2-437) 117 (11-703) 94 (2-703) <0.001
P-ACTH (pmol L™ 194 278 (1-1910) 274 (4-1319) 278 (1-1910) 0.054
S-Aldosterone (pmol L) 97 69 (42-256) 69 (27-230) 69 (27-256) 0.037
PRA (ug L ' h™) 60 9 (3-158) 19 (2-240) 18 (2-240) 0.331
Plasma renin concentration (mIE L) 24 166 (79-2910) 176 (13-520) 170 (13-2910) 0.868
S-DHEAS (umol L™Y) 33 0.4 (0.12-0.9) 0.4 (0.04-2.8) 0.4 (0.04-2.8) 0.453

“Between-group differences as calculated by Mann-Whitney U-test
Hb, haemoglobulin; ALAT, alanine amino transferase; TSH, thyroid stimulation hormone; ACTH, adrenocorticotropic
hormone; PRA, plasma renin activity; DHEAS, dehydroepiandrosterone sulphate.
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Fig. 2 Relationship between S-glucose level and age at
diagnosis. Dotted horizontal line marks cut-off value for
hypoglycaemia, 3.0 mmol L™!. Eighteen patients with
type 1 diabetes mellitus are marked in red.

below 140 nmol L™' in 202 (79%) patients. Con-
versely, values exceeded 500 nmol L™! in three
patients prior to stimulation test. Two used oral
contraception (OCP), which is known to increase

194 © 2017 The Association for the Publication of the Journal of Internal Medicine
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total cortisol due to higher cortisol-binding globu-
lin (CBG) levels. The third patient suffered from
both T1D and primary hypothyroidism and was
diagnosed early. Screening revealed ACTH
102 pmol L' and the presence of 210H-Ab.
Another three patients had values >400 nmol L7,
yet diagnosis was confirmed by minimal response
to a cosyntropin stimulation test (cortisol incre-
ment <58 nmol L™'). All three had clearly elevated
ACTH levels and were 210H-Ab positive.

Cortisol was significantly lower in patients with
adrenal crisis (38 nmol L' [2-442]) compared to
those without (81 nmol L' [1-668], P < 0.001)
(Table 2). Three of 73 patients in crisis had cortisol
>300 nmol L™}, yet all three presented with severe
hyponatraemia (110, 121 and 124 mmol LY.
Aldosterone was only measured in the latter two
and found low in both (<69 pmol L™! and
75 pmol L™}, respectively).

ACTH was 278 pmol L™! or higher in 99 of 194
patients (50%). Strangely, three patients had values
<10 pmol L' despite positive 210H-Ab. In one of
the patients, subsequent analyses revealed elevated
ACTH. Another patient had a cortisol of
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104 nmol L™}, and in yet another, AAD was detected
at an early stage due to concomitant hypothy-
roidism, T1D, vitiligo and pernicious anaemia. There
was a small, but significant inverse relationship
between random cortisol and ACTH (rho = —0.230,
N =189, P=0.001) (Fig. 3B). The correlation could
be an underestimation because many values were
not precisely measured but plotted as 278 pmol L™!
when in reality >278 pmol L.

A cosyntropin stimulation test was performed in 129
patients (Fig. 4B). Using the cut-off 500 nmol L7,
all but one had a pathological test. The highest
stimulated cortisol of 703 nmol L' belonged to a
27-year-old woman. Of note, the increment in cor-
tisol was minor (from 668) hinting to the presence of
excessive CBG levels as noted above. All other
clinical and biochemical investigations pointed
towards AAD, including elevated ACTH and plasma
renin activity, and the presence of 210H-Ab. It later
became apparent that she used OCP. In the remain-
ing 128 patients, cortisol failed to rise above

500 nmol L' (median peak of 94 nmol L' [2-
703]). In cases where the cosyntropin test was
omitted, all patients had cortisol less than
110 nmol L™! and/or ACTH levels elevated above
20 pmol L™'. Overall, there was a strong, positive
correlation between stimulated cortisol and random
cortisol (rho = 0.884, N= 127, P< 0.001) (Fig. 3B).
A moderate, negative correlation was found between
ACTH and random cortisol (rho = —0.230, N = 189,
P=0.001) (Fig. 3C) and ACTH and stimulated cor-
tisol (tho = —0.311, N= 92, P = 0.003) (Fig. 3D). All
correlations were significant, and the coefficient of
determination (rho?) was 78%, 5% and 10%,
respectively.

Aldosterone was measured in 97 patients, and 67
had levels <69 pmol L™'. The highest value noted
was 256 pmol L ! and accompanied by cortisol
84 nmol L™!, ACTH 330 pmol L™! and plasma
renin activity 65 pg L' h™!, confirming AD. Med-
ian aldosterone value was 69 pmol L™! in both
groups. However, more than half (56%) of the
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measurements were entered as 69, meaning values
were not detectable. Aldosterone was <69 in 21 of
26 patients (81%) with crisis, compared to 22 of 61
patients (64%) without. Comparison revealed
slightly lower aldosterone in patients with versus
without crisis (P = 0.037) (Table 2).

Plasma renin activity (PRA) values were elevated in
57 of 60 Norwegian patients, only three exhibited
values within the reference range (0.5-
3.4 ug L' h™'). In Sweden, plasma renin concen-
tration was recorded for 24 patients and found
elevated >40 mIE L' in all but one. DHEAS was
decreased <2 pmol L™! in 31 of 33 patients.

Discussion

AD often has an insidious presentation with non-
specific symptoms that delay diagnosis, often to
the point that patients develop an adrenal crisis
with risk of fatal outcome. An ongoing challenge is

196 © 2017 The Association for the Publication of the Journal of Internal Medicine
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to recognize subtle symptoms and signs of AAD
before a life-threatening crisis develop. We show
that AAD is associated with low BMI, yet obesity
does not rule out the diagnosis. In the Swedish
cohort, the vast majority of patients presented with
hyperpigmentation, making skin changes an
important clinical clue of AD. However, the hyper-
pigmentation may be subtle, lacking or simply
overlooked. This calls for the need for biochemical
hints to raise suspicion of AD.

We here show that low sodium is the most consis-
tent routine biochemical finding at diagnosis
(Table 3). This adds to the challenge of prompt
identification of AAD as sodium disturbances are
associated with a plethora of diseases and condi-
tions with multiple aetiologies. Indeed, hypona-
traemia is the most common electrolyte
abnormality encountered in clinical practice [25].
Low sodium levels are, however, more common in
older patients with high morbidity [26, 27].
Although AAD may start at any time of life, the
majority of patients are diagnosed between 30 and
50 years of age [2]. We therefore recommend that
an otherwise unexplained S-sodium
<137 mmol L' should initiate evaluation for adre-
nal insufficiency, especially if accompanied by
unspecific general symptoms in young- and
middle-aged patients.

Of equal importance is the finding that hyper-
kalaemia only occurs in one-third of patients. Thus,
the alleged hallmark of AAD, the combination of low
sodium and hyperkalaemia, is only present in a
minority. In contrast to common belief, we show that
potassium levels hold limited value in AAD workup.
Although the presence of hyperkalaemia may sub-
stantiate diagnosis, we show that normokalaemia is
far more common, thus diminishing the frequently
listed significance of potassium aberrations. In
short, normokalaemia does not exclude the diagno-
sis, even in severely ill patients.

Hypoglycaemia occurred in both children and
adults, yet the majority of patients were normo-
glycemic. We found a small, positive correlation
between age and glucose levels. Thus, even a low
normal glucose could add to suspicion of AAD,
especially if seen together with low sodium in
younger individuals. In patients with T1D, a sud-
den drop in insulin requirements or recurrent
episodes of hypoglycaemia may be the first bio-
chemical sign of AAD and should prompt further
testing of adrenal function [28].
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Table 3 Key biochemical features at diagnosis of
autoimmune Addison’s disease. The percentages are the
fraction of patients fulfilling each criterion.

Common blood tests

Low sodium (<137 mmol L™, 84%)

Elevated TSH (52%)

High potassium (>5 mmol L™, 34%)
Targeted assessment of adrenal function (ref. 9)

Pathological cosyntropin test (S-cortisol

<500 nmol L', 99%)

Elevated ACTH x 2 upper reference limit (97%)

Elevated plasma renin activity (95%)

Plasma renin concentration (96%)

Low baseline cortisol (<140 nmol L™, 79%)

Low aldosterone (<67 pmol L', 69%)

Other tests

21-hydroxylase autoantibodies (100%)

TSH, thyroid stimulation hormone; ACTH, adrenocortico-
tropic hormone

Of note, biochemical abnormalities in serum hae-
moglobin, ALAT and calcium were not consistent
indicators of AD. One explanation could be that in
general, patients are nowadays diagnosed at an
earlier stage than 60 years ago [29], given better
availability of hormone assays and the possibility
of measuring 210H-ab, an early biomarker of AAD.
Also, interpretation of haemoglobin requires cau-
tion, as dehydration may camouflage a low value.

Elevated TSH was frequent, recorded in more than
half of the patients who did not use levothyroxine.
A high TSH value could indicate untreated
hypothyroidism but might also be a sign of unrec-
ognized adrenal insufficiency due to decreased
inhibitory effect of cortisol on pituitary TSH pro-
duction [30]. It is crucial that physicians are aware
of the inductive effect of levothyroxine on cortisol
metabolism [31]. Indeed, we noticed several cases
where initiation of thyroxine therapy led to wors-
ening of the clinical condition [32], even precipi-
tating an adrenal crisis. Irrespective of cause,
elevated TSH accompanied by low sodium should
trigger consideration of AD.

We show that aberrancy in cortisol, ACTH, aldos-
terone, plasma renin activity and concentration,
and DHEAS values are reliable markers of AD.
Once suspected, diagnosis of AAD is often easily
confirmed by targeted investigations. Notably, we

show that a low random cortisol value is strongly
and significantly associated with a low stimulated
cortisol value. However, normal cortisol does not
rule out AD. Also, we here demonstrate the poten-
tial deceptive effect of OCP in elevating CBG-bound
cortisol. The lack of increment in cortisol by
cosyntropin can give a hint of an underlying
undiagnosed AD and underlines the importance
of obtaining a careful medication history. Equally
important, practically all patients presented with
elevated ACTH. The vast majority also exhibited
aberrant values of aldosterone and renin. We
therefore recommend a low threshold for measure-
ment of ACTH, aldosterone and renin in addition to
cortisol upon suspicion of AAD.

There is no universal consensus regarding defini-
tion of adrenal crisis, although a number of
proposals have been put forward. The most recent
definition [24] requires ‘an acute deterioration in
health’ and hypotension relieved following par-
enteral glucocorticoid administration. Here, we
defined adrenal crisis as patients admitted acutely
to hospital, found hypotensive (systolic BP
<100 mmHg), and on clinical judgement consid-
ered to be in an adrenal crisis. In our cohort, more
than 70% were diagnosed in relation to acute
hospital admission. Less than half of these pre-
sented with hypotension. Thus, our finding of 33%
in crisis at debut may be an underestimate.
Importantly, one patient presented with cortisol
<1 nmolL ! and sodium 103 mmol L!, and
another patient had a cortisol of 50 nmol L™! and
potassium of 8.6 mmol L' at diagnosis. Both
patients were acutely admitted to hospital but
failed to be defined as in an adrenal crisis as the
blood pressure was >100 mmHg. We therefore
recommend that systolic blood pressure
<100 mmHg be considered indicative of but not
mandatory for adrenal crisis.

Additional data from the registries revealed that
more than half of patients had at least one other
autoimmune endocrine disorder, either present at
debut of AAD or acquired later in life. Thus,
physicians should be aware of the increased risk
of AAD in conjunction with other organ-specific
autoimmune disorders, and we advocate a low
threshold for testing adrenal function in these
patients.

Assay of 210H-Ab is probably the earliest indica-
tion of a developing AAD. In patients with autoim-
mune disease and unexplained vague symptoms
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such as fatigue or abdominal symptoms, screening
for 210H-Ab is warranted and may secure an early
diagnosis of AAD. Moreover, early detection of
210H-AD is useful to identify possible candidates
for immunosuppressive therapy aimed at reversing
and even curing AAD [33].

Diagnostic accuracy of AAD was ensured by
scrutiny of patient records and solely including
patients who had received follow-up treatment and
care of his or her AAD over time. Unfortunately, the
true prevalence of AAD is not known for all of the
participating centres, and we were therefore unable
to estimate the proportion of patients included.
Still, the ROAS registry in participating centers
covers the vast majority of Norwegian patients with
AAD (>75%), and in Sweden, virtually all invited
patients agreed to participate. Also, the relatively
high number of included subjects, recruitment
from multiple hospitals and different decades, all
contribute to reduce selection bias to a minimum
and increase the generalizability of our findings.

However, the retrospective, multi-centred design is
susceptible to various biases. First, it offers limited
control with reported data. In most cases, medical
records did not provide information on the time of
blood sampling, thus possibly confounding the
interpretation. This was especially true for cortisol
and ACTH measurements. Although cortisol and
ATCH reveal clear circadian variation, it can be
assumed that this is largely lost in AAD when the
adrenal cortex is continuously stressed by high
ACTH. Secondly, the laboratory methods and
assays have changed in the course of 38 years
and there are variations between the laboratories.
Thirdly, not all parameters of interest were
recorded for every patient. However, even with
these weaknesses, our results from a large collec-
tion of patients reflect real-world data, and the
information clinicians will encounter when
evaluating their patients.

In conclusion, low sodium was the only consistent
finding amongst routine blood tests, independent
of degree of adrenal insufficiency. Elevated TSH
was present in more than half of the patients. High
potassium, however, only occurred in one-third.
We urge that low sodium and or elevated TSH
without obvious explanation should trigger con-
sideration of AAD, and on clinical suspicion bring
about assay of a paired cortisol and ACTH. Impor-
tantly, initiation of levothyroxine can precipitate
deterioration in the clinical condition and even

198 © 2017 The Association for the Publication of the Journal of Internal Medicine
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induce an adrenal crisis. Early detection of AAD is
vital, as delay in diagnosis put patients at risk of
lethal adrenal crisis.
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Design: Two-staged, cross-sectional clinical study in 17 centers (Norway, Sweden, and
Germany). Residual glucocorticoid (GC) production was defined as quantifiable serum cortisol
and 11-deoxycortisol and residual mineralocorticoid (MC) production as quantifiable serum
aldosterone and corticosterone after > 18 hours of medication fasting. Corticosteroids were
analyzed by liquid chromatography-tandem mass spectrometry. Clinical variables included
frequency of adrenal crises and quality of life. Peak cortisol response was evaluated by a
standard 250 ug cosyntropin test.

Results: Fifty-eight (30.2%) of 192 patients had residual GC production, more common in men
(n =33; P<0.002) and in shorter disease duration (median 6 [0-44] vs 13 [0-53] years; P < 0.001).
Residual MC production was found in 26 (13.5%) patients and associated with shorter disease
duration (median 5.5 [0.5-26.0] vs 13 [0-53] years; P < 0.004), lower fludrocortisone replacement

dosage (median 0.075 [0.050-0.120] vs 0.100 [0.028-0.300] mg; P < 0.005), and higher plasma
renin concentration (median 179 [22-915] vs 47.5 [0.6-658.0] mU/L; P < 0.001). There was no
significant association between residual production and frequency of adrenal crises or quality
of life. None had a normal cosyntropin response, but peak cortisol strongly correlated with
unstimulated cortisol (r = 0.989; P < 0.001) and plasma adrenocorticotropic hormone (ACTH;

r=-0.487; P<0.001).

Conclusion: In established AAD, one-third of the patients still produce GCs even decades after
diagnosis. Residual production is more common in men and in patients with shorter disease
duration but is not associated with adrenal crises or quality of life. (J Clin Endocrinol Metab 105:

2430-2441, 2020)

Key Words: Adrenal failure; adrenal steroids; Autoimmune Addison disease; cortisol; primary
adrenal insufficiency; residual function

utoimmune Addison disease (AAD) is generally
Aconsidered to be irreversible, inevitably leading to
total destruction of the functional adrenal cortex (1).
However, increasing evidence indicates that a subgroup
of patients retain some level of corticosteroid produc-
tion even after many years of disease duration.

In 2011, Smans and Zelissen found quantifiable base-
line cortisol levels in 7 of 27 patients with established
AAD, measured in a medication fasting state (2). More
recently, Vulto et al reported measurable levels of the
cortisol precursor, 11-deoxycortisol, in 8 of 20 patients
with primary adrenal insufficiency (3). Efforts to ex-
ploit residual production therapeutically have demon-
strated partial improvement in peak cortisol response to
cosyntropin stimulation testing in 7 of 13 patients with
newly diagnosed AAD after 12 weeks combined treat-
ment with rituximab and depot tetracosactide (4). In 4
of these patients, stimulated serum cortisol exceeded
100 nmol/L after 72 weeks. At study start, these 4 pa-
tients had higher mean stimulated cortisol levels, but
did otherwise not differ from the 9 other patients.

Up until now, studies have been performed only in
small cohorts, and the clinical relevance of residual
production has not yet been addressed. Residual gluco-
corticoid (GC) production could partly explain ob-
served discrepancies in outcome for patients with
AAD. Clinical experience shows great differences in
dosage needs for GC replacement therapy, and not all

patients require mineralocorticoid (MC) replacement
(5). Moreover, 50% of patients with AAD have never
experienced an adrenal crisis, and 10% have never re-
quired extra GC doses (6). Finally, there are large vari-
ations in self-assessed health-related quality of life
(HRQoL) in AAD that could potentially be attributed
to residual production (7, 8).

Here, we aimed to determine the frequency of re-
sidual corticosteroid production in established AAD and
to examine the clinical features of residual production.

Material and Methods

Participants

We recruited study participants among patients enrolled
in the Norwegian Registry of Organ-Specific Autoimmune
Diseases, the Swedish Addison Registry, and patients re-
ceiving follow-up at the endocrine center “Endokrinologie
in Charlottenburg” in Berlin, Germany. Invitation let-
ters were sent to eligible candidates by mail or handed
out at regular clinical visits. All included participants
had confirmed autoimmune etiology with presence of
21-hydroxylase antibodies, were prescribed GC replace-
ment therapy, and were between 18 and 75 years of age
at screening. Exclusion criteria were diabetes mellitus type
1, cancer, severe organ failure, pregnancy, lactation, and
current use of medications with known pharmaceutical
interactions with adrenocortical hormones (antiepileptics,
rifampicin, St John's wart). Any comorbidity had to be
stable for at least 3 months before inclusion.
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Only patients on hydrocortisone or cortisone acetate re-
placement therapy were included. Patients previously using
dual-release hydrocortisone were switched to cortisone
acetate or hydrocortisone at least 1 week prior to blood sam-
pling. Any dehydroepiandrosterone treatment was paused for
at least 1 week; alternatively androgen measurements were
excluded from statistical analyses. Use of prednisolone or
exogenous GCs on indication(s) other than adrenal insuffi-
ciency was paused for at least 3 months before blood sam-
pling. Patients using any other antihypertensive medication(s)
than alpha blockers or calcium channel blockers, including
diuretics, were excluded from analyses on electrolytes, renin,
and MC hormones. Patients were instructed to abstain from
grapefruit juice and licorice for at least 1 week and caffeinated
drinks for at least 24 hours before blood sampling.

Study design

From September 2018 through January 2020 we per-
formed a 2-staged, cross-sectional multicenter clinical study
comprising patients with AAD at 17 hospitals in Norway,
Sweden, and Germany (Fig. 1). All authors vouch for the ac-
curacy of the data and for the fidelity of the study protocol.

Written informed consent was obtained from all parti-
cipants before study entry. At stage 1, we registered patient
characteristics including age, sex, disease duration, medica-
tions, self-reported frequency of adrenal crises and infections,
comorbidities, autoimmune polyendocrine syndrome type 2
(APS2), disease-related symptoms, physical health (body mass
index [(BMI], blood pressure, and presence of hyperpigmenta-
tion), and HRQoL questionnaires. All participants were pre-
scribed hydrocortisone for intramuscular use and instructed
to take their replacement medications upon symptoms of
precipitating adrenal crisis. Thereafter, patients returned on an
agreed morning for medication fasting blood sampling after
abstaining from GC and MC intake not later than 2 pm and 8
AM the day before, respectively.

At stage 2, patients with quantifiable levels of serum cor-
tisol and 11-deoxycortisol and/or quantifiable levels of serum
aldosterone and corticosterone were asked to return for a

AUTOIMMUNE ADDISON'S
DISEASE

n=19.
INCLUSION AND BASELINE TESTS

GLUCOCORTICOID NO GLUCOCORTICOID
AND/ OR AND/OR
MINERALOCORTICOID MINERALOCORTICOID
RESIDUAL PRODUCTION RESIDUAL PRODUCTION
n=58 n=134

n=50

Figure 1. Flow chart of study procedures.

J Clin Endocrinol Metab, July 2020, 105(7):2430-2441

standard 250 pg cosyntropin stimulation test (Synacthen).
Blood samples were collected before (0 minutes) and 30
and 60 minutes after intravenous injection of cosyntropin.
Participants with a long commute to the hospital were offered
to combine screening and stimulation testing on the same day.
At Haukeland University Hospital, we also invited all patients
without quantifiable serum cortisol and 11-deoxycortisol to
serve as negative controls. Before testing, patients abstained
from their steroid replacement therapy in the same manner
as described above. A normal response was defined as peak
cortisol exceeding 412 or 485 nmol/L after 30 or 60 minutes,
respectively (9). The peak response was defined as the highest
serum cortisol value recorded at either 30 or 60 minutes.

Outcomes

The primary endpoint was frequency of residual GC and/
or MC production in patients with AAD. Secondary endpoints
included comparison of patients with and without residual
GC and/or MC production with regards to patient character-
istics including age, sex, disease duration, steroid replacement
therapy, peak cortisol in cosyntropin testing, frequency of ad-
renal crises and infections, physical health (BMI, blood pres-
sure, presence of hyperpigmentation), and HRQoL.

Laboratory tests

Routine blood tests were analyzed locally: hemoglobin,
glycated hemoglobin, thyroid-stimulating hormone, free thy-
roxine, cobalamin, ferritin, creatinine, sodium, potassium,
cholesterol, high-density lipoprotein cholesterol, low-density
lipoprotein cholesterol, triglycerides, thyroid peroxidase anti-
bodies, ACTH, and plasma renin concentration (PRC). Levels of
ACTH exceeding the upper limit of quantification were plotted
as 278 pmol/L. All corticosteroid analyses were performed
at Haukeland University Hospital by a liquid chromatog-
raphy—tandem mass spectroscopy (LC-MS/MS) assay further
developed from and expanded on a published method (10),
measuring cortisol, 11-deoxycortisol, 21-deoxycortisol, corti-
sone, 18-oxocortisol, 18-hydroxycortisol, tetrahydrocortisol,
allo-tetrahydrocortisol, tetrahydrocortisone, allo-
tetrahydrocortisone, aldosterone, corticosterone, 11-deoxy-
corticosterone, androstendione, testosterone, epitestosterone,
dihydrotestosterone, and progesterone (Fig. 2). The lower limit
of quantification for each corticosteroid is listed in Table 1.

Defining residual corticosteroid production

There is no consensus on the definition of residual cortico-
steroid production, and no marker of endogenous GC or MC
production exists. Here, we defined residual GC production
as quantifiable levels of serum cortisol (>0.914 nmol/L) and
11-deoxycortisol (>0.114 nmol/L) and residual MC produc-
tion as quantifiable levels of serum aldosterone (> 8 pmol/L)
and corticosterone (>0.114 nmol/L). All blood samples were
obtained in the morning after at least 18 hours without hydro-
cortisone or cortisone acetate and at least 24 hours without
fludrocortisone (FC).

HRQoL questionnaires

All patients filled out 1 generic (RAND-36) (11) and 1
AAD-specific (AddiQoL) (12) questionnaire assessing HRQoL.
RAND-36 is a license free version of the Short Form 36-item
(SF-36). It comprises 36 items assessing 8 health concepts:
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Figure 2. Synthesis of adrenocortical steroids. The 3 main adrenocortical steroids (aldosterone, cortisol, and dihydroepiandrostendione sulphate)
are shown in circles, while precursor steroids and metabolites are shown in rectangles. Bold borders mark steroids analyzed in this study.

Cortisol and 11-deoxycortisol define residual glucocorticoid production and are marked in red. Aldosterone and corticosterone define residual
mineralocorticoid production and are marked in blue. Red and blue arrows mark the enzymatic reactions for activation of cortisol and aldosterone,
respectively. Cortisone is both a metabolite and precursor of cortisol and is marked in yellow.

physical functioning, role limitations caused by physical
health problems, role limitations caused by emotional prob-
lems, social functioning, general mental health, vitality, bodily
pain, and general health. Scoring of RAND-36 is a 2-step pro-
cess. First, precoded numeric values are recorded to a number
between 0 and 100 where a higher score represents a better
health state. In the second step, items belonging to the same
health concept are averaged to create 1 of the 8 total scores
(11). AddiQoL has been validated and translated into several
languages including Norwegian, Swedish, and German (12).
The questionnaire contains 30 items divided into 4 domains:
fatigue, emotional well-being, adrenal insufficiency-related
symptoms, and miscellaneous (sexuality, sleep, and impact
of intercurrent disease). Every item has 6 scoring categories
scored as 1, 2, 2, 3, 3, and 4 for positive statements and 4, 3,
3,2,2,and 1 for negative statements. A total score is gener-
ated by adding the score of individual items, producing a total
score ranging from 30 to 120 where a higher score indicates a
more favorable HRQoL. A missing individual item score can
be replaced by the mean score from the rest of the items in the
same subdimension.

Statistics

We report the primary endpoint as absolute numbers and
percentages. Descriptive statistics and secondary endpoints
are presented as numbers and percentages for categorical
data and as medians and range [minimum to maximum]|
or as means and standard deviations (+ SD) for continuous
variables. To compare subgroups, we used independent sam-
ples t test, Mann-Whitney independent sample U test, and
chi-square test, as appropriate. Correlations were explored
using the Spearman rank correlation. Binary logistic re-
gression was performed to assess the impact of key patient

characteristics on the likelihood of having residual GC or MC
production. Nine clinically relevant variables were included:
age at diagnosis, sex, disease duration, history of adrenal crisis
ever, BMI, hydrocortisone-equivalent dosage (mg cortisone
acetate/1.25 = mg hydrocortisone), FC dosage, AddiQoL-30
score, and plasma ACTH (for GC) or PRC (for MC).
Preliminary analyses were conducted to ensure no violation of
the assumption of multicollinearity. Results are presented as
odds ratio (OR) and 95% confidence interval (CI). To reduce
the risk of type I error, the alpha value was set to 0.01.

Ethics

Ethical approval was granted from all participating coun-
tries before study start, by the Regional Ethical Committee
of South-East Norway (permit no. 2018/751/REK Ser-Ust),
of Stockholm, Sweden (permit no. 2018/2247-32), and of
Berlin, Germany (permit no. Eth-47/18). The study was re-
gistered at clinicaltrials.gov (ClinicalTrials.gov Identifier:
NCT03793114) and conducted in agreement with local
and international guidelines and regulations, including the
Declaration of Helsinki (2013 version) and the principles of
good clinical practice (CPMP/ICH/135/95).

Results

Stage 1: Frequency and clinical characteristics of
residual corticosteroid production

Frequency of residual production. We included 197
patients with AAD. Five patients declined to proceed to
medication fasting blood sampling and were excluded
from the study. Baseline characteristics for the remaining
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Table 1. Corticosteroids in Patients with and Residual Glucocorticoid Production
Median (minimum-maximum)

Corticosteroid N LLoQ GC+ GC- P
18-oxo-cortisol (nmol/L) 192 0.046 .00 (0.00-0.30) 0.00 (0.00-1.27) <0.001°
18-OH-cortisol (hnmol/L) 192 0.046 .26 (0.00-0.28) 0.00 (0.00-0.20) <0.001°
Aldosterone (pmoI/L)b 191 8.0 0(0-220) 0 (0-25) <0.001°
Cortisone (nmol/L) 191 0.914 10.21 (1.63-46.88) 0.00 (0.00-4.16) <0.001°
Cortisol (nmol/L)* 192 0.914 57.28 (5.48-507.04) 0.98 (0.00-27.18) <0.001°
DHEAS (nmol/L) 176 22.9 432.69 (25.07-2400.12) 0.00 (0.00-1459.51) <0.001°
21-deoxycortisol (nmol/L) 192 0.023 0. 032 (0.00-14.50) 0.00 (0.00-1.05) <0.001°
Corticosterone (nmol/L) 191 0.114 3.50 (0.00-50.84) 0.00 (0.00-2.67) <0.001°
Allo-tetrahydrocortisol (nmol/L) 191 0.114 2.14(0.00-21.54) 0.00 (0.00-1.56) <0.001°
11-deoxycortisol (nmol/L) 192 0.114 0.60(0.12-2.87) 0.00 (0.00-0.21) <0.001°
Tetrahydrocortisol (nmol/L) 192 0.343 1.57 (0.00-17.06) 0.00 (0.00-2.84) <0.001°
Allo-tetrahydrocortisone (nmol/L) 192 0.343 0.00 (0.00-1.39) 0.00 (0.00-0.42) <0.001°
Tetrahydrocortisone (nmol/L) 192 0.114 0.95 (0.00-9.82) 0.00 (0.00-0.69) <0.001°
Androstendione (nmol/L) 175 0.023 0.92 (0.00-4.51) 0.440 (0.00-4.04) <0.001°
11-deoxycorticosterone (nmol/L) 191 0.023 0.12 (0.00-0.94) 0.00 (0.00-0.16) <0.001°
Testosterone (nmol/L) 176 0.023 7.74(0.04-27.39) 0.34 (0.00-30.57) <0.001°
DHEA (nmol/L) 174 0.617 0.71(0.00-4.33) 0.34 (0.00-1.97) <0.001°
17-hydroxy-progesterone (nmol/L) 192 0.114 2.90 (0.00-49.29) 0.73 (0.00-894.6) <0.001°
Epitestosterone (nmol/L) 176 0.023 0.06 (0.00-0.31) 0.00 (0.00-0.46) 0.008?
Dihydrotestosterone (nmol/L) 176 0.206 0.57 (0.00-2.50) 0.00 (0.00-2.61) 0.020
Progesterone (nmol/L) 191 0.114 0.18 (0.00-81.35) 0.00 (0.00-48.27) <0.001°

GC+, residual glucocorticoid production; GC—, no residual glucocorticoid production;
Abbreviations: DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; GC, glucocorticoid; LLoQ, lower limit of quantification.

“Statistically significant at 0.01 level.

®To convert serum aldosterone values (pmol/L) to ng/dL, divide by 27.7.

“To convert serum cortisol values (nmol/L) to pg/dL, divide by 27.6.

192 patients are presented in Table 2. The medication
fast was generally well-tolerated, with only a few indi-
viduals reporting increased tiredness and/or headache at
blood sampling. Fifty-eight (30.2%) patients had quan-
tifiable levels of serum cortisol and 11-deoxycortisol
(Fig. 3A, B), and 26 (13.5%) patients had quantifiable
levels of serum aldosterone and corticosterone (Fig. 3C,
D). In 24 (12.5%) patients, all 4 hormones were quan-
tifiable. There was a strong positive correlation between
serum cortisol and 11-deoxycortisol levels (r = 0.796;
P <0.001) (Fig. 4A), as well as for aldosterone and cor-
ticosterone (r = 0.605; P < 0.001) (Fig. 4B).

Residual GC production. Thirty-three (56.9%) of the
58 patients with residual GC production were men
(X2(1, N =192) = 9.405; P <0.002). Patients with re-
sidual GC production also had significantly shorter
disease duration (median 6 [0-44] vs 13 [0-53] years;
P <0.001) and higher levels of all adrenal steroids ex-
cept 18-oxo-cortisol (Table 1). These findings were
supported by binary logistic regression, where male
sex (OR 5.9; 95% CI, 2.4-14.5; P <0.001) and short
disease duration both predicted residual GC produc-
tion (OR 0.95; 95% CI, 0.91-0.98; P <0.006). As a
whole, the regression model explained between 18.5%
and 26.3% of the variance in residual GC production

Table 2. Patient characteristics (n = 192)

Number (%) or Median

Characteristics (range) or Mean (+SD)

Female 116 (60.4)
Age (years) 483 +13.0
Age at diagnosis, years 33.5(11-64)
Disease duration, years 11 (0-53)
APS 2, n (%) 109 (56.8)
Use of hydrocortisone, n (%) 74 (38.5)
Use of cortisone acetate, n (%) 118 (61.5)
Hydrocortisone equivalent doses, 20 (7.5-50.0)
mag/day
Use of fludrocortisone, n (%) 189 (98.4)
Total fludrocortisone dose, mg/day 0.10 (0.03-0.30)
Women using DHEA, n (%) 16 (13.8)

24.4(16.6-38.3)
120 (84-169)
76 (50-95)
100 (52.4)

Abbreviations: APS, autoimmune polyendocrine syndrome; DHEA,
dehydroepiandrosterone; SD, standard deviation.

Body mass index, kg/cm
Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg
Hyperpigmentation, n (%)

status and correctly classified 75.3% of the cases (X*(9,
N=182)=37.308; P <0.001).
The highest recorded
(507 nmol/L) was found in a 68 year-old woman. At
time of diagnosis 10 years earlier, she used estrogen
replacement therapy. She was admitted due to weight

serum cortisol  value
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Figure 3. Stage 1: Corticosteroid levels in patients with residual
glucocorticoid or mineralocorticoid production. The line marks
median corticosteroid values and the whiskers the interquartile
range. Triangles mark patients with both glucocorticoid and
mineralocorticoid residual production. The patients with the highest
quartile of 11-deoxycortisol and corticosterone values are marked
in red and blue, respectively. (A) Serum cortisol at baseline (n = 58).
(B) Serum 11-deoxycortisol values at baseline (n = 58). (C) Serum
aldosterone values at baseline (n = 26). (D) Serum corticosterone
values at baseline (n = 26).

loss, stomach pain, nausea and vomiting and had
hyponatremia (124 mmol/L). Although serum cor-
tisol was within normal range, plasma ACTH was
elevated at 294 pmol/L, the maximal cortisol peak at
cosyntropin test was suboptimal at 407 nmol/L, and the
21-hydroxylase autoantibody index was clearly elevated.

https://academic.oup.com/jcem 2435

Her symptoms were relieved after initiation of replace-
ment therapy with hydrocortisone and FC. In addition,
ACTH analyses, cosyntropin tests, and 21-hydroxylase
autoantibody assays have been performed at several oc-
casions after diagnosis and remained pathological. The
patient reported several adrenal crises since receiving
the diagnosis in 2010, including 1 incident last year due
to gastrointestinal infection with vomiting and diarrhea.

Residual MC production. On group level, patients
with MC residual production had shorter disease
duration (median 5.5 [0.5-26.0] vs 13 [0-53] years;
P< 0.004), lower FC replacement dosage (median 0.075
[0.050-0.120] vs 0.100 [0.028-0.300] mg; P < 0.005),
higher PRC (median 179 [22-915] vs 47.5 [0.6-658.0]
mU/L; P < 0.001), and higher levels of all but 5 steroids
(18-oxo0-cortisol, allo-tetrahydrocortisone, testosterone,
epitestosterone, dihydrotestosterone; data not shown).
For binary logistic regression on residual MC produc-
tion, only PRC and disease duration significantly con-
tributed to the model. The likelihood of residual MC
production decreased with disease duration (OR 0.89;
CI 95%, 0.82-0.96; P<0.003) and slightly increased
with higher PRC (OR 1.005; CI 95%, 1.002-1.008;
P <0.001. In sum, the regression model explained be-
tween 18.9% and 35.4% of the variance and correctly
classified 90.8% of the cases (X*(9, N = 173) = 36.197;
P <0.001).

The highest serum aldosterone level recorded (217
pmol/L) was found in a 23-year-old woman. Her plasma
renin concentration exceeded the upper limit of detec-
tion (>500 mU/L). The patient also presented with a
high cortisol (340 nmol/L) and did not use oral contra-
ceptive pills or estrogen. Of note, the patient had experi-
enced adrenal crisis twice since receiving the diagnosis
in 2013 and suffers concomitant hypothyroidism, celiac
disease, vitamin B12 deficiency, and previously Graves
disease. At time of diagnosis, she fulfilled the diagnostic
criteria for AD, with morning cortisol in the lower ref-
erence range, elevated ACTH level, and clearly elevated
index of 21-hydroxylase autoantibodies.

Combined residual GC and MC production.
Twenty-four patients had quantifiable levels of cor-
tisol, 11-deoxycortisol, aldosterone, and corticosterone.
They had significantly shorter disease duration (me-
dian 5.5 [0.5-26.0] vs 13.5 [0.0-53.0] years; P < 0.002),
higher PRC (median 152 [22-915] vs 46 [1-658] mU/L;
P <0.001), and higher levels of all but 3 steroids (tes-
tosterone, epitestosterone, dihydrotestosterone; data
not shown) compared with patients with no residual
production. Individual patient data are presented in
Table 3.
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Figure 4. Correlation between corticosteroids. (A) Correlation between serum cortisol and 11-deoxycortisol (P < 0.001). (B) Correlation between

serum aldosterone and corticosterone (P < 0.001).

Residual production and clinical characteristics.
On group level, all routine laboratory values were within
the reference intervals (Table 4). Patients with residual
GC and/or MC production did not differ significantly
from those without residual production regarding fre-
quency of adrenal crises, number of infections the
previous year, APS2, disease-related symptoms, hydro-
cortisone equivalent dosage, physical health, or HRQoL
scores (AddiQoL and RAND-36) (Table 4).

Stage 2: Cosyntropin test

In total, 55 patients with residual GC production
underwent the cosyntropin test. Three patients with
quantifiable cortisol and 11-deoxycortisol at baseline
declined. The screening results of residual GC produc-
tion were verified in all but 5 patients. These patients
were excluded from statistical analyses on cosyntropin
test results. The remaining 50 patients reached a median
peak cortisol of 75 [9-419] nmol/L (Fig. 5A), confirming
the diagnosis of adrenal insufficiency. Higher serum
cortisol levels at 0 minutes and lower plasma ACTH
levels strongly correlated with peak cortisol (r = 0.989;
P <0.001, and r=-0.487; P <0.001, respectively)
(Figs. 5B and 5C).

The cosyntropin test was also performed in 2 patients
with isolated residual MC production at screening, but
upon testing aldosterone, it was only quantifiable for 1
of them. For this patient, aldosterone levels remained
unchanged at 40 pmol/L throughout the test.

Twenty patients without quantifiable levels of cor-
tisol and 11-deoxycortisol and/or aldosterone and
corticosterone at stage 1 were included as controls. At
cosyntropin testing, serum cortisol was barely quantifi-
able in 10 of the controls but remained unquantifiable
in the other 10 controls. Two controls also had barely

quantifiable levels of serum corticosterone, but none
had quantifiable levels of serum 11-deoxycortisol or
aldosterone.

Discussion

We found residual GC production in one-third of pa-
tients with established AAD, more common in men than
in women. Patients with residual production had overall
shorter disease duration, but several had a history of
AAD lasting for decades. More than 1 of 7 patients had
residual MC production. These were characterized by
shorter disease duration, lower FC dosage, and higher
plasma renin concentrations compared with those
without residual MC production. No significant associ-
ations were found between residual corticosteroid pro-
duction and a number of clinical parameters. To date,
this is the largest study on residual production in AAD,
conducted on a representative study cohort from 17 cen-
ters in 3 countries. We are confident that the diagnosis
of AAD is correct in all included patients as we required
documented presence of 21-hydroxylase antibodies and
chronic need for GC replacement therapy for inclusion.

There is no established definition of residual cor-
ticosteroid production. LC-MS/MS enables measure-
ment of minute quantities of cortisol and aldosterone;
however, the clinical effect of very low cortisol and al-
dosterone concentrations is uncertain. We believe that
merely evaluating serum cortisol levels would result in a
falsely high prevalence of residual GC production, as up
to half of the bioavailable cortisol stems from cortisone
regenerated by 11-fB-hydroxysteroid dehydrogenase
type 1 (13). In addition, it is important to discriminate
between endogenous and exogenous cortisol in these
patients who use GC replacement therapy. This could
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Table 3. Characteristicsof the 24 patients with combined glucocorticoid and mineralocorticoid residual production

24
19
0.1

23
22
0.2

22
36
0.2

21

20
43

19
54
0.2
66

18
71

17
81

16
82

15
91

14
98
1.0

92

13
106
24

12
120

1
123

10
128

1.1

43

156
24

86

164

277 230 228 225 204

340 311
2.2

S-F, nM
S-S, nM

2.7

0.6
31

0.7

1.0
53

0.8

2.9
25

1.4
56

1.9
121

2.1

38 10 33

24

29 51

28

15 104 39 39 15
17

14
13

69 135
25

217

S-Aldo, pM

~

~

18

15

13

38

51 39

S-CCN, nM

=

=

Sex, M or F
Age, years
DD, years

63 32 43 62 51 18 47 40 59 30 53 55 51 49 53 18 45 66 26 23 38 42
24 21
yes

23

12
yes

20
no

0.5

26
yes

no yes no yes yes no  NoO  Yyes

yes

17.5 2
26.0 259 278 294 208 22 21.0 212 220 265 223

no

yes yes yes no  yes

no

yes no  yes

yes

AC, yes or no
HCeq., mg

2
18.8

28.7 271

3
233 278 29 343 371

25.6 244 23.0 26.1

20
18.1

2

BMI, kg/m
AddiQoL score

86
82
179

73 117

62
122

102 94 95 90 105
34 210
48

72

26
146 302

66
63
500

125 43 278 175
915

278

31

134 88 259 224 225
465 61 337

120

237 67

39

70 68
308

32
187

P-ACTH, pmol/L
PRC, mU/L

152 350 214 81

22

07

1

77

124 22

325

76

Abbreviations: AAD, autoimmune Addison disease; AC, adrenal crisis ever; AddiQoL, AAD-specific questionnaire; BMI, body mass index; DD, disease duration; F, female; HCeq, hydrocortisone-equivalent

dose; M, male; P-ACTH, plasma adrenocorticotropic hormone; PRC, plasma renin concentration; S-Aldo, serum aldosterone; S-CCN, serum corticosterone S-F, serum cortisol, S-S, serum 11-deoxycortisol.

* Not obtained.
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in part be avoided by having patients abstain from GC
replacement therapy for a longer period of time but
would put them at risk of developing an adrenal crisis.
Concerning residual MC production, we are not aware
of any bidirectional pathways in aldosterone metab-
olism. Furthermore, FC is a synthetic MC and does not
interfere with aldosterone measurements on LC-MS/MS
(14). In the present study, patients were asked to abstain
from GC and MC replacement therapy for at least 18
and 24 hours, respectively, before sample collection. To
further ensure that the measured hormones indeed rep-
resented de novo synthesis of corticosteroids, we chose
to include precursors for the definitions of residual GC
and MC production. Importantly, the enzymes involved
in conversion of the precursors to the active substances
are considered unidirectional (15), precluding any syn-
thesis of precursors from cortisol or aldosterone. This
was well illustrated by 1 of the study participants who
had a serum cortisol level of 797 nmol/L but no quanti-
fiable 11-deoxycortisol. Later, it become known that she
had taken her morning dose of cortisone acetate before
the blood sampling but had forgotten to mention it. The
patient was therefore excluded. In patients with residual
production, we found that median and range values of
11-deoxycortisol and corticosterone corresponded with
values found in healthy controls (16), suggesting that
these are suitable as biomarkers of residual production.
We were surprised to detect a clear overweight of men
with residual GC production, despite women constituting
the majority of our study cohort. This may be due to sex-
related disparities in immunology as well as susceptibility
to autoimmune disease (17). It has been suggested that
inherent sex differences in adrenal gland tissue renewal
could be involved (18). Indeed, in mice, the turnover rate
for adrenocortical tissue is 3 times higher in females com-
pared with males, and capsular stem cells only contribute
to tissue renewal in females, not in males (18). Whether
these findings are relevant for humans is not known, and
highlights the need for future studies to explore the im-
pact of sex on the trajectory of autoimmune adrenalitis.
As expected, the patients with GC and/or MC re-
sidual production had shorter median disease duration.
However, there was a wide range in disease duration
among the patients with residual production, extending
up to 26 years for MC and 44 years for GC residual
production, arguing against the common assumption
that AAD inevitably leads to loss of all adrenal cortico-
steroid production. Concurrently, it raises questions
of how and why the intensity and extent of the auto-
immune attack seem to differ between individuals.
Regarding steroid replacement therapy, we found sig-
nificantly lower dosages of FC in patients with residual
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Figure 5. Cosyntropin testing. (A) Change in serum cortisol before (O minutes) intravenous 250 pg cosyntropin to peak serum cortisol after 30
or 60 minutes. (B) Correlation between serum cortisol before (0 minutes) intravenous 250 pg cosyntropin and peak serum cortisol at 30 or 60
minutes (P < 0.001). (C) Correlation between plasma ACTH before (0 minutes) intravenous 250 pg cosyntropin and peak serum cortisol 30 or 60

minutes (P < 0.001). ACTH, adrenocorticotropic hormone.

individuals to be assessed at baseline and followed annu-
ally. Such a study could ascertain whether certain AAD
subpopulations are more resistant to immune-mediated
destruction, perhaps by harboring other human leukocyte
antigen genotypes than patients without residual production,
or if the intensity of autoimmune destruction may vary over
time allowing regeneration of steroid-producing cells.

In our opinion, remnants of functional adrenocortical
tissue are the most probable origin of residual produc-
tion. We suggest 2 possible mechanisms: Either areas in
the adrenal cortex have been spared from autoimmune
attack or adrenocortical cells could be replenished by dif-
ferentiation of subcapsular stem cells (27). Both are in line
with observations in autoimmune type 1 diabetes where
pancreatic infiltration of immune cells is not always uni-
form but may be patchy and leave subsets of pancreatic
islets unaffected (28). Indeed, recent reports suggest that
residual beta cell capacity may be present in one-third of
patients with longstanding type 1 diabetes (28).

An alternative explanation is extra-adrenal produc-
tion. The observed male preponderance in residual GC
production opens for a tantalizing link to hormone-
producing testicular adrenal rest tumors (TARTS), as
seen in approximately 40% of men with congenital
adrenal hyperplasia (29). However, a recent ultrasono-
graphic screening of 14 men with Addison disease
could not detect any cases of TART (30). Moreover, if
TARTSs indeed were the true sources of residual produc-
tion, there would still be the question on how cortisol-
producing cells evade the autoimmune attack, as the

Leydig cells are located outside the blood-testis barrier
(31). In conclusion, one-third of patients with auto-
immune Addison disease still produce GCs and MCs
even years after the diagnosis, more commonly observed
in men in our cohort. These findings challenge our cur-
rent understanding of the natural course of the disease.
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Abstract

Objective: Increased prevalence of cardiovascular disease and cardiovascular risk factors has been reported in
autoimmune Addison’s disease (AAD), but results are conflicting and the pathomechanisms poorly

understood.

Design: Cross-sectional case-control study.

Methods: We compared serum levels of 177 cardiovascular and inflammatory biomarkers in 43 patients with
AAD and 43 matched controls, overall and stratified for sex. Next, we correlated levels of significant
biomarkers to frequency of adrenal crises and quality of life (QoL) by AddiQoL-30. Finally, we investigated
changes in biomarker levels following high to very high ACTH exposure in patients without residual

adrenocortical function (RAF).

Results: Nineteen (11%) biomarkers significantly differed between patients with AAD and controls, all but one
(ST1A1) were higher in AAD. The greatest difference was noted for FGF21 (0.80 NPX, P=0.004). Eight
biomarkers were significantly higher in female patients compared with controls (IL6, MCP1, GAL9, SPON2,
DR4, RAGE, TNFRSF9, PGF), but none differed between male patients and controls. Levels of RAGE correlated
with frequency of adrenal crises (r=0.415, P=0.006) and AddiQoL-30 scores (r=-0.347, P= 0.028). PDL2 and
leptin significantly declined 60 minutes after injection of ACTH in AAD without RAF (-0.15 NPX, P=0.0001 and -
0.25 NPX, P=0.0003, respectively).

Conclusions: We show that cardiovascular and inflammatory biomarkers are altered in AAD compared with
controls, particularly in women. RAGE might be a marker of disease severity in AAD, associated with more
adrenal crises and reduced QoL. Very high ACTH levels reduce PDL2 and leptin in a glucocorticoid-

independent manner, although the overall effect on biomarker profiles was small.
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Significance statement

Cardiovascular health seems to be impaired in AAD, but which patients carry the highest risk and why is not
fully known. We show that biomarkers of CVD and inflammation are altered in AAD, with higher levels of 18
biomarkers and lower levels of one biomarker compared with controls. Eight biomarkers differed between
female patients and controls but none between male patients and controls. Higher RAGE levels were linked to
more adrenal crisis and lower QoL. Very high ACTH exposure reduced PDL2 and leptin levels in a
glucocorticoid-independent manner but had otherwise little impact on biomarker profiles. Our results
indicate sex-specific differences in CVD risk and RAGE as a possible marker of disease severity in AAD, to be

explored further.
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Introduction

Glucocorticoid (GC) and mineralocorticoid (MC) replacement therapy do not fully restore health in
autoimmune Addison’s disease (AAD), as patients continue to suffer reduced quality of life (QoL), risk of
fatal adrenal crisis, and cardiovascular disease (CVD) (1). Swedish population-based studies have
demonstrated higher prescription rates for CVD medications in patients with AAD, and increased risk of
ischemic heart disease, especially in women (2, 3). In contrast, another Swedish study found obesity and
hypertension to be less common in patients with AAD compared to population controls, and no
difference in the frequency of other important CVD risk factors such as dyslipidemia or type 2 diabetes
(4). These inconsistencies emphasize the need for a better understanding of what drives CVD risk in AAD

and which subgroups of patients are most vulnerable.

Current theory highlights the inability of conventional GC replacement to replicate the circadian and
ultradian rhythmicity of cortisol for unfavorable cardiovascular outcomes in adrenal insufficiency (5, 6),

but factors beyond unphysiological GC replacement likely play important roles as well (7-10).

Rarely investigated in AAD, the autoimmune etiology could possibly contribute to CVD risk. A recent
population-based study of CVD incidence rates in 19 common autoimmune diseases found each
autoimmune disease to be independently associated with CVD, with an average elevated risk
corresponding to a 20 mmHg rise in systolic blood pressure or the presence of type 2 diabetes (8). On
group-level, patients with AAD had the second highest incidence rate of CVD among all studied
autoimmune diseases. Any cardiovascular side effects of medications used, such as GCs, were not
considered. Still, CVD risk increased with the number of concomitant autoimmune diseases, indicating a
pattern of heightened risk common for autoimmune diseases rather than the individual diseases per sé

(8).
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We recently demonstrated that a subgroup of patients with AAD have residual adrenocortical function
(RAF) (11), but any immunological differences between patients with and without RAF have not been
explored. For AAD in general, elevated levels of cytokines and aberrant immune cell function of both
innate and adaptive immunity have been reported even linked to persistent symptoms (e.g. reduced
quality of life) and increased susceptibility to infections (12-17). However, most studies have been
restricted to selected immune cells and molecules, calling for proteomic approaches to give a broader

understanding of the proinflammatory state in AAD.

In preclinical AAD, ACTH levels increase to compensate for the progressive loss of adrenocortical cells
and remain elevated due to shortcomings of conventional GC replacement (18). By promiscuous binding
to the full range of melanocortin receptors (MC1-5R), ACTH might in theory modulate CVD risk and
inflammation in AAD (19). But studies on extra-adrenal effects of elevated ACTH in vivo are typically

hampered by difficulties in distinguishing GC-mediated and GC-independent effects.

Here, we mapped 177 cardiovascular and inflammatory biomarkers in patients with AAD compared with
healthy controls. Second, we explored biomarker associations to the frequency of adrenal crises and
quality of life (QolL), as well as any glucocorticoid-independent impact of very high ACTH exposure on

biomarker profiles in patients without RAF.

Methods

Patients and samples

Using a cross-sectional study design, we included 43 patients with AAD, of whom 23 had confirmed RAF.

The inclusion criteria have previously been reported in detail (11), and noted clinical characteristics
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included the number of adrenal crises the past year and QoL by the disease-specific AddiQoL-30
questionnaire. In addition, we included 43 healthy controls matched for sex, age (in decade), and BMI (+
1 kg/m?) from a previous clinical study (20). Six female patients with AAD and two female controls used
oral contraceptive pills. Five female patients also used DHEA replacement (12-25 mg), but this was

paused for at least one week prior to blood sampling. One male patient had a history of statin use.

Morning ACTH stimulation tests were performed in both patients and controls with intravenous injection
of synthetic ACTH1-24 (250 pg Synacthen®). Patients with AAD had abstained from any glucocorticoid and
mineralocorticoid replacement for at least 18 and 24 hours, respectively. All participants were non-
fasting as an extra safety measure for patients upon GC withdrawal. We analyzed serum samples
collected before and 60 minutes after ACTH injection in both patients and controls. All samples were

stored at -80°C before analysis.

Analysis of cardiovascular and inflammatory biomarkers

We employed the validated Cardiovascular Il (CVD Il) and Inflammation panels by Olink (Uppsala,
Sweden), which contain 177 proteomic markers of cardiovascular and inflammatory physiology and
disease. A complete list of biomarkers with coefficient of variance (CV%), lower limit of detection (LOD)
and biomarker synonyms is included in Supplementary Table 1. The biomarkers were analyzed by
proximity extension assay (PEA) technology, which combines dual-recognition immunoassay and
quantitative PCR, yielding improved assay specificity and multiplexing capacity (21, 22). The results are
given as normalized protein expression (NPX), which is an arbitrary unit on a Log2 scale calculated from
normalized Ct values. Thus, NPX may only be used for relative quantification, and an increase of one unit
(1 NPX) represents a doubling in protein concentration (23, 24). Biomarker values below LOD were
included, as suggested by Olink (25). Initially, 44 patients and 44 controls were included, but one patient
sample failed to pass the initial quality control by Olink and was therefore excluded from the study

together with its respective control prior to any statistical analyses.
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String
Any biological connections, i.e. similarities in functions or structure, for significant biomarkers were

mapped by biomarker connection networks using the online database Search Tool for Retrieval of

Interacting Genes/ Proteins (STRING; version 11.5) (26).

Statistics

Descriptive statistics are presented as percentage, mean (standard deviation, SD), median [interquartile
range, IQR], or 95% confidence interval (95% Cl). Normal distribution was evaluated using the
Kolmogorov-Smirnov test. Group comparisons included patients with AAD and matched controls, overall
and stratified for sex, and patients with and without RAF, and were conducted with Student’s t-test,
Mann—Whitney U-test, or Chi square test, as appropriate. Wilcoxon signed rank test and paired-samples
T-test were used to investigate any significant change in biomarker values before and 60 minutes after

the ACTH stimulation test. In Figure 1, P values are given as negative log transformed values.

For biomarkers significantly different between patients with AAD and matched controls, correlations
between biomarker levels and number of adrenal crises the past year and AddiQoL-30 score were
evaluated by Spearman’s or Pearson’s correlation coefficient, labelled r. Statistical significance was
defined as P < 0.05, and multiple testing was corrected for by the Benjamini-Hochberg method using a
false discovery rate (FDR) of 5% except for when comparing baseline characteristics and assessing

correlations between biomarker levels and frequency of adrenal crises and AddiQoL-30 score.
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Ethics

The study was approved by an ethical committee in each participating country prior to study start;
Norway (permit no. 2018/751/REK Sgr-@st and REK 2016-00174), Sweden (permit no. 2018/2247-32),
and Germany (permit no. Eth-47/18) and registered at clinicaltrials.gov (ClinicalTrials.gov no.
NCT03793114 and NCT0218660). Written informed consent was obtained from all participants before

inclusion.

Results

Baseline clinical characteristics of patients and healthy controls are presented in Table 1 and
Supplementary Table 2. There were no significant differences in proportion of females, age, or BMI
between patients and controls. Female patients and controls had significantly lower BMI compared with
male patients and controls (23.1 kg/m? + 2.3 vs. 25.1 kg/m? + 3.1, P =0.022 and 23.3 kg/m? £ 2.2 vs. 25.2
kg/m? £ 3.2, P =0.031, respectively), but there were no significant differences in age (42 years + 11 vs. 39

years+ 11, P =0.462 and 41 years + 11 vs. 40 years + 11, P = 0.722, respectively).

Nineteen of the 177 biomarkers differed significantly between patients with AAD and controls at
baseline, sorted by low-to-high P value: interleukin 6 (IL6), monocyte chemoattractant protein 1 (MCP1),
receptor for advanced glycosylation end products (RAGE), adrenomedullin (ADM), galectin 9 (GAL9),
tumor necrosis factor receptor superfamily member 9 (TNFRSF9), receptor activator of nuclear factor
kappa-B (RANK), death receptor 4 (DR4), lymphotactin (XCL1), P-selectin glycoprotein ligand 1 (PSGL1),
spondin 2 (SPON2), fibroblast growth factor 23 (FGF23), interleukin 12B (IL12B), matrix metallopeptidase
12 (MMP12), sulfotransferase 1A1 (ST1A1), fibroblast growth factor 21 (FGF21), death receptor 5 (DR5),
RANK ligand (RANKL), and T-cell surface glycoprotein (CD4). Of these, all but ST1A1 were higher in

patients compared with controls. The greatest difference in NPX values was noted for FGF21 (0.80 NPX, P
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=0.004) (Figure 1 and 2). Any biological connections between the 19 biomarkers are depicted in

Supplementary Table 3 and Supplementary Figure.

Among the 19 biomarkers, number of adrenal crises the past year correlated with levels of RAGE (r =
0.415, P = 0.006), CD4 (r =0.338, P = 0.029), and FGF21 (r = -0.317, P = 0.041). RAGE also negatively
correlated with AddiQoL-30 scores (r = -0.347, P = 0.028) (correlations not corrected for multiple testing)

(Table 3).

Stratifying for sex showed that female patients had significantly higher levels of 8 biomarkers (IL6, MCP1,
GAL9, SPON2, DR4, placental growth factor (PGF), RAGE, and TNFRSF9) compared with female controls
(Table 2), but no significant differences in biomarker levels were found between male patients and

controls (data not shown).

Levels of leptin and growth hormone (GH) were significantly higher in female patients compared with
male patients and in female controls compared with male controls (Leptin: 7.1 NPX £ 1.1 vs. 5.4 NPX £
0.6, P <0.0001 and 6.9 NPX + 0.9 vs. 5.4 NPX £ 1.3, P <0.0001, respectively. GH: 9.9 NPX+ 1.9 vs. 7.1
NPX + 1.5, P < 0.0001 and 9.8 NPX + 2.1 vs. 7.6 NPX + 1.3, P=0.0002, respectively). No significant
differences in biomarker levels were found between patients with and without RAF (Supplementary

Table 4).

In AAD without RAF (n=19), there was a significant reduction in programmed death-ligand 2 (PDL2) (-0.15

NPX, P =0.0001) and leptin (LEP) (-0.25 NPX, P = 0.0003) 60 minutes after injection of ACTH

(Supplementary Table 4).
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Discussion

We identified 19 cardiovascular and inflammatory biomarkers that differ between patients with AAD and
healthy controls. All but one biomarker were elevated in patients, indicating an unfavorable
cardiovascular milieu and pro-inflammatory state at the molecular level, with the greatest difference
noted for FGF21. Alterations in biomarker profiles were sex-specific, with eight biomarkers differing
between female patients and controls but none between male patients and controls. RAGE might be a
marker of disease severity in AAD, with higher levels linked to more adrenal crises and reduced quality of
life. We show that increasing ACTH levels from high to very high reduces PDL2 and leptin in a GC-

independent manner, but the overall effect on biomarker profiles was small.

Metabolic regulator FGF21 was the single most elevated biomarker in AAD compared with controls.
Beyond key roles in metabolic homeostasis (27), FGF21 has recently been implicated in the development
and renewal of adrenocortical tissue (28). Even in the setting of adrenal insufficiency, injection of
recombinant FGF21 is reported to stimulate cortisol secretion and lower ACTH in mice (29). Hence,
elevated FGF21 could represent a compensatory attempt to keep up GC production as adrenocortical
tissue is progressively lost. Worryingly, a recent meta-analysis found FGF21 to be an independent
predictor of cardiometabolic disease progression and even death (30). On the other hand, FGF21 has
been shown to have cardioprotective effects with promising therapeutic potential in cardiometabolic
diseases (27). Taken together, studies on longitudinal associations between FGF21 levels and

cardiometabolic outcome in patients with AAD are needed.

Elevated IL6 levels been found in primary adrenal insufficiency (PAI) by others as well (31, 32). The link
between IL6 and CVD risk is well described, with mounting evidence from large-scale human studies

even pointing to causality (33, 34). IL6 exerts a wide range of proinflammatory and immunoregulatory

11
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actions and is proposed as therapeutic target in a multitude of diseases, including autoimmunity (35). In
refractory rheumatoid arthritis, IL6 receptor inhibition may alleviate symptoms and reduce disease
activity but at the cost of increased susceptibility to infections (35). This side-effect could be particularly
detrimental in AAD and outweigh any potential benefit of IL6 inhibition, as infections are the number

one cause of adrenal crises (35, 36).

Our finding of elevated MCP1 is in line with a recent report on 15 patients with AAD (37), but the clinical
implications of this remains to be explored. Available literature suggest that MCP1 take partin the
pathophysiology of several autoimmune diseases as well as CVD [30], with experimental models showing
tapered inflammation in e.g. systemic lupus erythematosus, rheumatoid arthritis, and multiple sclerosis,
and reduced atherosclerotic plague formation following inhibition of MCP1 or its receptor, CCR2 (38).
Outcome in human trials, however, have been mixed and occasionally detrimental, fueling the debate as

to whether MCP1 is mainly friend or foe (39).

Named for its role as receptor for advanced glycosylation end-product (AGEs), RAGE is best known as
mediator of vascular inflammation and endothelial dysfunction, linked to development of atherosclerosis
in general and diabetic complications in particular (40). We were intrigued to find the medium-strong
correlations between RAGE levels and frequency of adrenal crises and AddiQoL-30 scores in AAD.
Although not significant after correcting for multiple testing, we think it likely that the pro-inflammatory

state negatively affect patient outcome in AAD, as suggested for a broad range of other conditions (41).

Other biomarkers that differed between patients with AAD and healthy controls included mediators of
apoptosis (GAL9, DR4, DR5 (42, 43)), inflammatory agents (TNFRSF9, XCL1, CD4, I1L12b (42, 44-46)),

regulators of bone turnover (RANK, RANKL, FGF23 (47)), a hypotensive peptide (ADM (47)), and proteins

12
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involved in general physiology, i.e. tissue remodeling (MMP12 (48)), cell adhesion (PSGL1, SPON2 (49,

50)), and sulfation (ST1A1 (51)).

We find sex-specific differences in biomarker profiles, corresponding to the recent finding that increased
CVD risk in AAD is mainly carried by women (3). Indeed, seven biomarkers were higher in patients
compared with controls, both for AAD overall and for the subgroup of women. In contrast, there were no
significant difference in biomarker levels between male patients and male controls. As any clinical
consequences of altered biomarker profiles are currently unknown, our findings call for more research

on sex-specific differences in the risk and incidence of CVD in AAD.

Our finding of higher leptin and GH levels in women compared with men, in both patients and controls,
correspond to established sex-differences in the concentrations of these hormones (52, 53). Of note,
female patients and controls had significantly lower BMI than male patients and controls, and this may
have influenced the observed difference in GH as levels are known to negatively correlate with BMI (53),

but not leptin as levels positively correlate with BMI (52).

Biomarker levels did not differ between patients with and without RAF, possibly due to insufficient
sample size. Why a subgroup of patients preserve some endogenous production of adrenocortical

steroids even decades after diagnosis and any clinical implications of this remain unanswered.

Approved by the FDA in 1952, ACTH has historically been used to treat inflammatory diseases (e.g.
rheumatoid arthritis, gout, psoriasis, ulcerative colitis) (54). For long, the anti-inflammatory effect was
considered the mere result of GC-induction, until 2002 when Getting et al demonstrated preserved anti-

inflammatory effects of ACTH after adrenalectomy (55). In the present study, change from high to very
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308

high ACTH did not largely change cardiovascular and inflammatory biomarker profiles in in AAD without

RAF, except for significant reductions in PDL2 and leptin levels.

To the best of our knowledge, this is the first study to suggest a regulatory role of ACTH on PDL2. As the
better-known programmed death-ligand 1 (PDL1), PDL2 binds to programmed death protein 1 (PD1) and
by this regulates immunity by putting the brake on T cell action. PDL1 variants have been linked to AAD
risk, although not reproduced in the recent GWAS for AAD (56). We have not been able to find any

publications successfully linking PDL2 to any autoimmune endocrinopathy.

Mainly secreted by adipocytes, leptin conveys information on energy stores to the brain and regulates
appetite by acting on the melanocortin system and the HPA-axis. In turn, leptin secretion is stimulated by
GC and inhibited by ACTH (57, 58). The latter was nicely depicted in the present study, as leptin
significantly decreased following high to very high ACTH exposure in patients without RAF. There was a
non-significant tendency towards higher leptin in AAD compared with controls at baseline,
corresponding to a previous report on 63 patients with AAD (59). Taken together, we speculate that the

observed decrease in leptin is an acute effect of ACTH that is lost in chronically elevated levels.

The present study included 12 CVD biomarkers that are previously reported to differ between patients
with PAl and controls (32). Here, we were only able to replicate elevated IL6. Two other markers (ADM
and MMP12) significantly differed as well but in the opposite direction. We suspect the contrasting
findings to be due to differences in GC exposure (60, 61), as blood samples in the previous study were
collected shortly after patients had taken their morning GC replacement (32) whereas patients here had
abstained from any GC replacement for at least 24 hours prior to sampling. In addition, the previous

study included participants with metabolic syndrome and diabetes mellitus (type 1 and 2), significantly
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overrepresented in patients compared with controls, that could potentially have affected the results

(32).

Strengths of the present study include a well-characterized patient cohort of autoimmune AD etiology
only, without concomitant DM, metabolic syndrome, or overt CVD, and comparing biomarker profiles
with matched controls. Of note, one patient had a history of statin use, but excluding this patient did not
alter the results. Taking the recently recognized phenomenon of RAF into account allowed us to study
GC-independent effects of ACTH, although at highly elevated levels and the synthetic form, on

cardiovascular and inflammatory biomarkers in vivo.

The study has several limitations that merit consideration. For one, the sample sizes of 43 patients and
43 matched controls are relatively small. Second, the cross-sectional study design does not allow
prediction of future cardiovascular events or exploration of temporal dynamics in the autoimmune
process. Interpretation of data is further complicated by the lack of biomarker reference ranges, which
we have partly compensated for by including matched controls. Importantly, matching can never be
done perfectly, here exemplified by oral contraceptive pills used by more female patients (n=6) than
female controls (n=2). Although we standardized for time of sampling (morning) and food intake, we
acknowledge that the results could be affected by several unknown pre-analytical differences as well,
including smoking and family history of CVD. We further acknowledge that a true regulatory effect of
ACTH on biomarkers may have gone undetected as patients already had high ACTH prior to the ACTH
stimulation testing. As the biomarker half-lives are largely unknown, it is also possible that 60 minutes
was too short to detect all true changes following injection of ACTH. Implemented as an extra safety
measure for patients upon GC withdrawal, we cannot rule out an interfering role of food intake as

several of the analyzed markers are reported to change following eating, including a reduction in leptin
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(62). Finally, several biomarkers were nearly significant when correcting for multiple testing, and it is

possible that interesting connections may have been erroneously overlooked.

To conclude, patients with AAD and especially women have increased levels of cardiovascular and
inflammatory biomarkers profiles compared with controls, with the greatest difference found for FGF21
levels. RAGE might be a marker of disease severity in AAD, associated with frequency of adrenal crises
and reduced quality of life. Very high ACTH exposure seems to reduce PDL2 and leptin in a GC-
independent manner, but the overall impact of elevated ACTH on cardiovascular health and

inflammation in AAD remains to be determined.

Additional information
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Data availability: The data sets on baseline characteristics and biomarker values are not publicly

available but fully anonymized versions may be shared upon reasonable request.
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Tables

Table 1. Baseline characteristics for study participants

Characteristics Patients with AAD (n=43) Healthy controls (n=43) P value
Female sex, no. (%) 19 (44) 19 (44) 1.0
Age, years 40+ 23 40+ 11 0.8
BMI, kg/m? 24.2+2.9 243+2.9 0.8

Abbreviations: AAD; autoimmune Addison’s disease, BMI; body mass index, no; number.

Data are given as number (percentage %) and mean %SD.
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Table 2. Biomarkers significantly different between female patients with AAD and female

healthy controls

Biomarker Female AAD (n=19) Female HC (n=19) P value
IL6 3.8 [3.6-4.6] 3.2[2.6-3.4] <0.0001
MCP1 13.3+0.4 12.6+0.6 <0.0001
GAL9S 8.3+0.3 79+0.3 0.0002
SPON2 9.0+0.1 8.9+0.2 0.0005
DR4 33+04 29+0.3 0.0008
PGF 8.0+x04 7.6+0.3 0.001
RAGE 14.1+0.4 13.5+0.3 0.001
TNFRSF9 7.4+05 7204 0.002

Abbreviations: AAD; autoimmune Addison’s disease, DR4; death receptor 4, GAL9; galectin 9, HC; healthy
controls, IL6; interleukin 6 (IL6), MCP1; monocyte chemoattractant protein 1, PGF; placental growth
factor, RAGE; receptor for advanced glycosylation end products, SPON2; spondin 2, TNFRSF9; tumor
necrosis factor receptor superfamily member 9.

Data are given as mean +SD or median [IQR].
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Legends

Figure 1. Volcano plot depicting differences in average NPX values between patients with AAD and
healthy controls for the 177 analyzed biomarkers, of which 18 were significantly higher (blue dots) and
one (red dot) significantly lower in patients compared with control. Black dots represent biomarkers that

were not significantly different between patients and controls.

Figure 2. Forest plot depicting differences in average NPX values with 95% confidence interval (95% Cl)

between 19 biomarkers significantly different between patients with AAD and healthy controls.
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Supplementary

Tables

Supplementary Table 1

All 177 analyzed biomarkers with limits of detection (LOD) and coefficients of variances (CV) within a

plate of samples (intra) and between plates (inter).

Data for the CARDIOVASCULR DISEASE Il (CVD Il) panel is obtained from

https://olink.com/content/uploads/2021/09/olink-cvd-ii-validation-data-v2.1.pdf

Biomarker name Biomarker synonym LODinpg/mL | CV%intra | CV % inter
(abbreviation)
2,4-dienoyl-CoA reductase, | Short chain 488.28 15 15
mitochondrial (DECR1) dehydrogenase/reductase

family 18C member 1
A disintegrin and von Willebrand factor- 122.07 4 10
metalloproteinase with cleaving protease
thrombospondin motifs 13
(ADAM-TS13)
Adrenomedullin (ADM) 488.28 13 11
Agouti-related protein 488.28 9 12
(AGRP)
Alpha-L-iduronidase (IDUA) 0.95 6 18
Angiopoietin-1 (ANGPT1) 61.04 9 9
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Angiopoietin-1 receptor Tyrosine-protein kinase 7.63 8 14
(TIE2) receptor TEK
Angiotensin-converting ACE-related 15.26 8 11
enzyme 2 (ACE2) carboxypeptidase
Bone morphogenetic VG-1-related protein 1.91 21 15
protein 6 (BMP-6)
Brother of CDO (BOC 61.04 10 14
Carbonic anhydrase 5A Carbonic anhydrase VA 0.95 9 10
(CASA) (CAVA)
Carcinoembryonic CD67 antigen 244.14 11 10
antigenrelated cell
adhesion molecule 8
(CEACAMS)
Cathepsin L1 (CTSL1) 244.14 10 10
C-C motif chemokine 17 Thymus and activation- 1.91 12 13
(ccL1z) regulated chemokine
C-C motif chemokine 3 Macrophage inflammatory | 0.48 9 8
(ccL3) protein 1-alpha
CD40 ligand (CD40-L) Tumor necrosis factor 0.48 9 14
ligand superfamily member
5 (TNFSF5)
Chymotrypsin C (CTRC) Caldecrin 3.81 10 10
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C-X-C motif chemokine 1 Growth-regulated alpha 7.63 10 13
(CxcLy) protein
Death receptor 4 Tumor necrosis factor 0.95 11 11
receptor superfamily
member 10A (TNFRSF10A),
TNF-related apoptosis-
inducing ligand receptor 2
(TRAILR1)
Death receptor 5 Tumor necrosis factor 0.24 10 12
receptor superfamily
member 10B (TNFRSF10B),
TNF-related apoptosis-
inducing ligand receptor 2
(TRAILR2)
Decorin (DCN) Bone proteoglycan I 122.07 7 11
Dickkopf-related protein 1 15.26 11 9
(Dkk-1)
Fatty acid-binding protein, 0.24 8 9
intestinal (FABP2)
Fibroblast growth factor 21 122.07 12 14
(FGF21)
Fibroblast growth factor 23 | Phosphatonin 122.07 14 15
(FGF23)
Follistatin (FS) Activin-binding protein 50.95 9 15
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Galectin-9 (Gal9) Ecalectin 15.26 5 13

Gastric intrinsic factor (GIF) | Cobalamin binding intrinsic | 0.48 11 15
factor (CBLIF)

Gastrotropin (GT) Fatty acid-binding protein 6 | 488.28 16 15
(FABP6)

Growth hormone (GH) Somatotropin 1.91 7 9

Growth/differentiation Bone morphogenetic 7.63 9 11

factor 2 (GDF-2) protein 9

Heat shock 27 kDa protein | Heat shock protein beta-1 122.07 11 12

(HSP27) (HSPB1)

Heme oxygenase 1 (HO-1) | HMOX1 1.91 8 10

Hydroxyacid oxidase 1 HAO1 122.07 9 9

(HAOX1)

Integrin beta-1-binding Melusin 976.56 11 11

protein 2 (ITGB1BP2)

Interleukin-1 receptor IL1 inhibitor 3.81 12 36

antagonist protein (IL1ra)

Interleukin-1 receptor-like | IL-36 receptor 122.07 10 14

2 (IL1RL2)

Interleukin-17D (IL17D) 3.81 13 12

Interleukin-18 (IL18) 0.48 11 11

Interleukin-27 (1L27) 122.07 7 11
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Interleukin-4 receptor IL-4-binding protein 7.63 9 15
subunit alpha (IL4RA)

Interleukin-6 (IL6) 0.24 9 9
Kidney injury molecule 1 Hepatitis A virus cellular 0.48 11 9
(KIM1) receptor 1 (HAVCR1)

Lactoylglutathione lyase 0.95 8 11
(GLO1)

Lectin-like oxidized LDL Oxidized low-density 0.95 9 11
receptor 1 (LOX1) lipoprotein receptor 1

Leptin (LEP) 61.04 6 10
Lipoprotein lipase (LPL) 0.48 7 8
Low affinity FCGR2B 15.26 9 15
immunoglobulin gamma Fc

region receptor Il-b (IgG Fc

receptor Ilb)

Lymphotactin (XCL1) C motif chemokine 1 61.04 10 10
Macrophage receptor 30.52 6 5
MARCO (MARCO)

Matrix metalloproteinase- 15.26 11 10
12 (MMP12)

Matrix metalloproteinase- 7.63 9 9

7 (MMP7)
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Natriuretic peptides B 488.28 N/A N/A
(BNP)
NF-kappa-B essential 3.00 9 9
modulator (NEMO)
Osteoclast-associated OSCAR 1.91 5 10
immunoglobulinlike
receptor (hOSCAR)
Pappalysin-1 (PAPPA) Insulin-like growth factor- 61.04 13 12
dependent IGF-binding
protein 4 protease
Pentraxin-related protein Tumor necrosis factor 1.91 8 10
PTX3 (PTX3) alpha-induced protein 5
Placenta growth factor 0.48 12 13
(PGF)
Platelet-derived growth 15.26 11 12
factor subunit B (PDGF
subunit B)
Poly [ADP-ribose] 61.04 9 11
polymerase 1 (PARP-1)
Polymeric immunoglobulin | Hepatocellular carcinoma- | 122.07 3 14
receptor (PIgR) associated protein TB6
Programmed cell death 1 488.28 9 10

ligand 2 (PDL2)
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Proheparin-binding EGF- 0.48 8 10
like growth factor (HBEGF)

Pro-interleukin-16 (1L16) 3.81 11 12
Prolargin (PRELP) 15.26 7 8
Prostasin (PRSS8) Serine protease 8 0.24 8 11
Protein AMBP (AMBP) 1953.12 6 7
Proteinase-activated Thrombin receptor 30.52 9 12
receptor 1 (PAR1)

Protein-glutamine 61.04 8 12
gammaglutamyltransferase

2 (TGM2)

Proto-oncogene tyrosine- 15.26 10 12
protein kinase Src (SRC)

P-selectin glycoprotein Selectin P ligand 1.91 6 10
ligand 1 (PSGL1)

Receptor for advanced Advanced glycosylation end | 0.48 9 11
glycosylation end products | products receptor (AGER)

(RAGE)

Renin (REN) 7.63 8 12
Serine protease 27 1.91 9 13
(PRSS27)

Serine/threonine-protein 488.28 7 10

kinase 4 (STK4)
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Serpin A12 (SERPINA12) 15.26 10 22
SLAM family member 5 Leukocyte differentiation 61.04 9 12
(CD84) antigen CD84

SLAM family member 7 244.14 11 9
(SLAMF7)

Sortilin (SORT1) 122.07 8 12
Spondin-2 (SPON2) 30.52 5 11
Stem cell factor (SCF) Kit ligand (KITLG) 191 7 12
Superoxide dismutase 15.26 6 9
[Mn], mitochondrial

(SOD2)

T-cell surface glycoprotein 15.26 10 9
CD4 (CD4)

Thrombomodulin (TM) Fetomodulin 7.63 11 10
Thrombopoietin (THPO) 122.07 9 11
Thrombospondin-2 61.04 5 8
(THBS2)

Tissue factor (TF) Coagulation factor Il 0.24 8 13
Receptor activator of Tumor necrosis factor 0.95 10 13

nuclear factor k B (RANK)

receptor superfamily
member 11A (TNFRSF11A),

RANKL receptor
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588

589

590

591

592

Tumor necrosis factor
receptor superfamily

member 13B (TNFRSF13B)

61.04

10

10

Tyrosine-protein kinase

Mer (MERTK)

244.14

10

10

Vascular endothelial

growth factor D (VEGFD)

61.04

10

V-set and immunoglobulin
domaincontaining protein

2 (VSIG2)

30.52

10

Abbreviations: N/A; not available

Data from the Inflammation biomarker panel is obtained from

https://olink.com/content/uploads/2021/09/olink-inflammation-validation-data-v3.0.pdf

Biomarker

Synonyms

LOD

CV % intra

CV % inter

Adenosine Deaminase

(ADA)

0.48

29

Artemin (ARTN)

0.24

18

Axin-1 (AXIN1)

61

19

Beta-nerve growth factor

(Beta-NGF)

0.48

14
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Caspase 8 (CASP8) Apoptotic cysteine | 0.48 22
protease
C-C motif chemokine 4 1.9 17
(ccLa)
C-C motif chemokine 19 15 15
(ccL19)
C-C motif chemokine 20 7.6 13
(ccL20)
C-C motif chemokine 23 31 13
(ccL23)
C-C motif chemokine 25 3.8 18
(CCL25)
C-C motif chemokine 28 61 14
(ccL2s)
CD40L receptor (CD40) Tumor necrosis 0.01 21
factor receptor
superfamily
member 5
(TNFRSF5)
CUB domain-containing 0.12 24
protein 1 (CDCP1)
C-X-C motif chemokine 1 Growth-regulated 3.8 15

(CXcL1)

alpha protein
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C-X-C motif chemokine 5 0.95 13
(CXCL5)

C-X-C motif chemokine 6 7.6 14
(CXCL6)

C-X-C motif chemokine 9 0.95 12
(CXCL9)

C-X-C motif chemokine 10 7.6 11
(CxcL10)

C-X-C motif chemokine 11 7.6 14
(CxCL11)

Cystatin D (CST5) Cystatin-5 1.9 21
Delta and Notch-like 0.95 26
epidermal growth

factorrelated recep (DNER)

Eotaxin-1 (CCL11) 3.8 14
Eukaryotic translation 1.79 23
initiation factor 4E-binding

protein 1 (4E-BP1)

Fibroblast growth factor 5 1.9 14
(FGF5)

Fibroblast growth factor 19 7.6 19

(FGF19)
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Fibroblast growth factor 21 31 21

(FGF21)

Fibroblast growth factor 23 122 26

(FGF23)

Fms-related tyrosine SL cytokine 0.01 15

kinase 3 ligand (FIt3L)

Fractalkine (CX3CL1) C-X3-C motif 15.3 24
chemokine 1

Glial cell line-derived 0.01 12

neurotrophic factor

(GDNF)

Hepatocyte growth factor 7.6 16

(HGF)

Interferon gamma (IFN- 0.24 24

gamma)

Interleukin-1 alpha (IL1 0.48 18

alpha)

Interleukin-2 (IL2) 30.5 16

Interleukin-2 receptor 15 19

subunit beta (IL2RB)

Interleukin-4 (1L4) 0.24 16

Interleukin-5 (IL5) 3.8 17

Interleukin-6 (IL6) 0.12 8
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Interleukin-7 (IL7) 0.24 6 18
Interleukin-8 (IL8) 0.03 6 15
Interleukin-10 (IL10) 0.48 7 12
Interleukin-10 receptor 3.8 6 19
subunit alpha (IL10RA)

Interleukin-10 receptor 0.12 5 31
subunit beta (IL1ORB)

Interleukin-12 subunit beta 0.12 6 16
(IL12B)

Interleukin-13 (IL13) 7.6 14 26
Interleukin-15 receptor 0.95 6 20
subunit alpha (IL15RA)

Interleukin-17A (IL17A) 3.8 8 17
Interleukin-17C (IL17C) 31 8 18
Interleukin-18 (IL18) 0.06 6 19
Interleukin-18 receptor 1 0.06 5 26
(IL18R1)

Interleukin-20 (1L20) 7.6 7 22
Interleukin-20 receptor 19 6 22
subunit alpha (IL20RA)

Interleukin-22 receptor 0.24 7 23
subunit alpha-1 (IL22RA1)

Interleukin-24 (1L24) 19 6 29
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Interleukin-33 (IL33) 3.8 26
Latency-associated peptide 61 24
transforming growth factor
beta 1 (LAP TGFbetal)
Leukemia inhibitory factor 3.8 18
(LIF)
Leukemia inhibitory factor 30.5 26
receptor (LIFR)
Macrophage colony- 0.004 25
stimulating factor 1 (CSF1)
Macrophage inflammatory 0.06 14
protein 1-alpha (CCL3)
Matrix metalloproteinase- | Interstitial 1.9 19
1(MMP1) collagenase
Matrix metalloproteinase- | Stromelysin-2 0.95 28
10 (MMP10)
Monocyte chemotactic C-C motif 0.03 13
protein 1 (MCP1) chemokine 2

(ccL2)
Monocyte chemotactic C-C motif 0.06 8

protein 2 (MCP2)

chemokine 8

(ccLs)
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Monocyte chemotactic C-C motif 0.48 17
protein 3 (MCP3) chemokine 7
(ccL7)
Monocyte chemotactic C-C motif 0.24 24
protein 4 (MCP4) chemokine 13
(ccL13)
Natural killer cell receptor | SLAM family 0.06 24
2B4 (CD244) member 4
Neurotrophin-3 (NT3) Hippocampus- 0.12 13
derived
neurotrophic
factor (HDNF)
Neurturin (NRTN) 3.8 15
Oncostatin-M (OSM) 0.03 12
Osteoprotegerin (OPG) Tumor necrosis 0.24 12
factor receptor
superfamily
member 11B
(TNFRSF11B)
Programmed cell death 1 3.8 25
ligand 1 (PD-L1)
Protein S100-A12 (EN- Extracellular newly | 122 17

RAGE)

identified RAGE-
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binding protein,

Calgranulin C

Receptor activator of TNFSF11, 3.8 24
nuclear factor kappa-B TNF-related
ligand activation-induced
cytokine (RANKL)
Signaling lymphocytic 31 21
activation molecule
(SLAMF1)
SIR2-like protein 2 (SIRT2) | NAD-dependent 7.6 22
protein
deacetylase sirtuin-
2
STAM-binding protein 7.6 27
(STAMPB)
Stem cell factor (SCF) Kit ligand 19 20
Sulfotransferase 1A1 SULT1A1 244 25
(ST1A1)
T-cell surface glycoprotein 0.06 22
CD5 (CD5)
T-cell surface glycoprotein 0.24 23

CD6 isoform (CD6)
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T-cell surface glycoprotein ?? 10
CD8 alpha chain (CD8A)
Thymic stromal 3.8 20
lymphopoietin (TSLP)
TNF-beta (TNFB) Lymphotoxin- 0.24 22
alpha, Tumor
necrosis factor
ligand superfamily
member 1
TNF-related apoptosis- Tumor necrosis 0.95 17
inducing ligand (TRAIL) factor ligand
superfamily
member 10
(TNFSF10)
Transforming growth TGF type 1 0.48 27
factor alpha (TGF-alpha)
TNF-related weak inducer | Tumor necrosis 1.9 11
of apoptosis factor (Ligand)
(TWEAK) superfamily,
member 12
(TNFSF12)
Tumor necrosis factor TNF-alpha, Tumor | 0.95 18

(TNF)

necrosis factor
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ligand superfamily

member 2

Tumor necrosis factor 0.95 6 15
ligand superfamily

member 14 (TNFSF14)

Tumor necrosis factor 0.03 5 21
receptor superfamily

member 9 (TNFRSF9)

Urokinase-type 0.12 5 11
plasminogen activator

(uPA)

Vascular endothelial 0.06 6 8

growth factor A (VEGFA)

593

594  Supplementary Table 2

595 Baseline characteristics of patients with AAD in relation to RAF

596

AAD (n=43) AAD no RAF (n=20) AAD RAF (n=23) P-value

(no RAF vs. RAF)

Female sex, no. 19 (44) 12 (60) 7 (30) 0.052
(%)

Age, years 40+ 23 42 +£12 39+13 0.386
BMI, kg/m? 242+29 243+33 24.1+£27 0.873
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Disease 8[3-18] 14 [6-22] 5[2-13] 0.010*
duration, years

APS-2, no. (%) 20 (47) 10 (50) 10 (44) 0.669
Hydrocortisone 20 [20-30] 20 [20-30] 25 [20-30] 0.195
equivalents, mg

Fludrocortisone, 0.1[0.1-0.1] 0.1[0.1-0.1] 0.1[0.075-0.1] 0.229
mg

Systolic BP, 120+ 15 114+ 14 122 +15 0.067
mmHg

Diastolic BP, 769 71%9 7510 0.977
mmHg

B-Hb, g/dL 143+1.2 140+13 14.7+1.0 0.038*
B-HbAlc, 35 [32-36] 33.4+338 33.7+£3.0 0.767
mmol/mol

s-TSH, mIE/L 2.4[1.5-3.7] 2.0[1.1-3.6] 3.2[2.0-3.8] 0.098
s-fT4, pmol/L 16 [15-19] 16.8+2.8 16.5+2.7 0.744
s-Creatinine, 77 £12 75 [65-81] 76 [72-90] 0.273
umol/L

eGFR, mL/min/L 93 [87-110] 94 [86-107] 90 [89-115] 0.587
s-Sodium, 139 +3 140 [137-141] 139 [138-141] 0.750
mmol/L

s-Potassium, 41+04 40+04 4.1+0.3 0.488
mmol/L
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597

598

599

600

601

602

603

604

605

s-Cholesterol, 5.0%0.8 5.1+09 49+0.8 0.501
mmol/L

s-HDL, mmol/L 14+04 15+04 1.3+03 0.103
s-LDL, mmol/L 33+0.8 3.2+0.8 33+0.8 0.545
s-Triglycerides, 1.3[1.0-1.5] 1.3[1.0-1.8] 1.3[1.1-1.5] 0.647
mmol/L

s-Cortisol, 14 [1-52] 0.5 [0-5] 46 [22-111] <0.0001*
mmol/L

p-ACTH, pmol/L 168 [70-278] 208 [53-278] 150 [70-225] 0.378

Abbreviations: AAD; autoimmune Addison’s disease, APS-2; autoimmune polyendocrine syndrome type

2, B-Hb; blood hemoglobin, B-HbA1c; blood hemoglobin Alc, BP; blood pressure, BMI; body mass index,

eGFR; estimated glomerular filtration rate, p-ACTH; plasma adrenocorticotropic hormone, RAF; residual

adrenocortical function, s-fT4; serum free thyroxine, s-HDL; serum high-density lipoprotein, s-LDL; serum

low-density lipoprotein, s-TSH; serum thyroid stimulating hormone.

Data are given as number (percentage, %), mean +SD or median [IQR].

*P<0.050

*P<0.001
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608
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610

611

612

613

614

615

Supplementary Table 3

List of biological pathways and processes enriched for the 19 biomarkers significantly different between
patients with AAD and healthy controls at baseline, obtained by STRING. The biological connections
include biological processes by the Gene Ontology database (http://geneontology.org/docs/go-
annotations/), functional pathways by KEGG pathways (https://www.genome.jp/kegg/pathway.html)
and Reactome pathways (https://reactome.org/), and other diseases associated with similar biomarker
networks by the disease-gene association database DISEASES (https://diseases.jensenlab.org/Search).
The list is sorted by low-to-high significance (FDR 5%) and restricted to the ten processes for each

biological connection category.
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Biological processes (n=242) (Gene Ontology)

Term ID Pathway Strength FDR Proteins included in the network
bserved
LOglo(prected)
G0:0070374 Positive regulation of erkl 1.65 | 2.40e-09 CD4, MCP1, FGF23, XCL1, RAGE, GAL9, RANKL, RANK, FGF21
and erk2 cascade
G0:0001934 | Positive regulation of 1.12 | 2.91e-09 CD4, DR4, MCP1, IL12B, FGF23, DR5, XCL1, RAGE, GAL9,
protein phosphorylation RANKL, IL6, RANK, FGF21
G0:1902533 | Positive regulation of 1.11 | 2.91e-09 CD4, DR4, MCP1, IL12B, FGF23, DR5, XCL1, RAGE, GAL9,
intracellular signal RANKL, IL6, RANK, FGF21
transduction
G0:0009605 | Response to external 0.85 | 3.27e-09 CD4, DR4, MCP1, IL12B, FGF23, DR5, XCL1, RAGE, GAL9,
stimulus RANKL, IL6, ADM, MMP12, RANK, FGF21, SPON2
G0:0009967 | Positive regulation of signal 0.94 | 9.96e-09 CD4, DR4, MCP1, IL12B, FGF23, DR5, XCL1, RAGE, GAL9,
transduction RANKL, IL6, MMP12, RANK, FGF21
G0:0050870 | Positive regulation of t cell 1.6 | 1.59e-08 CD4, MCP1, IL12B, XCL1, RAGE, GAL9, RANKL, IL6
activation
GO0:0043410 | Positive regulation of mapk 1.28 | 2.34e-08 CD4, MCP1, FGF23, XCL1, RAGE, GAL9, RANKL, IL6, RANK,
cascade FGF21
G0:0048584 | Positive regulation of 0.84 | 2.34e-08 CD4, DR4, MCP1, IL12B, FGF23, DR5, XCL1, RAGE, GAL9,
response to stimulus RANKL, IL6, MMP12, RANK, FGF21, SPON2
G0:0010033 Response to organic 0.74 | 4.44e-08 CD4, MCP1, PSGL1, IL12B, FGF23, XCL1, RAGE, GAL9, RANKL,
substance IL6, ADM, MMP12, RANK, FGF21, TNFRSF9, SPON2
G0:0050900 Leukocyte migration 1.42 | 1.73e-07 DR4, MCP1, PSGL1, DR5, XCL1, RANKL, IL6, RANK
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Molecular function (n=9) (Gene Ontology)

G0:0048018 Receptor ligand activity 1.23 3.16e-05 MCP1, IL12B, FGF23, XCL1, RANKL, IL6, ADM, FGF21
G0:0005102 Signaling receptor binding 0.81 0.00046 CD4, MCP1, PSGL1, IL12B, FGF23, XCL1, RANKL, IL6, ADM,
FGF21
G0:0005125 Cytokine activity 1.34 0.0017 MCP1, IL12B, XCL1, RANKL, IL6
G0:0005126 Cytokine receptor binding 1.29 0.0025 MCP1, IL12B, XCL1, RANKL, IL6
G0:0019955 Cytokine binding 1.49 0.0039 CD4, I1L12B, RANK, TNFRSF9
G0:0070851 Growth factor receptor 1.47 0.0039 IL12B, FGF23, IL6, FGF21
binding
G0:0045569 TRAIL binding 2.67 0.0067 DR4, DR5
G0:0005515 Protein binding 0.37 0.0070 CD4, DR4, MCP1, PSGL1, IL12B, FGF23, DR5, XCL1, RAGE,
GAL9, RANKL, IL6, ADM, RANK, FGF21, TNFRSF9
G0:0005035 Death receptor activity 2.23 0.0237 DR4, RANK
KEGG pathways (n=19)
hsa04060 Cytokine-cytokine receptor 1.56 1.28e-11 CD4, DR4, MCP1, IL12B, DR5, XCL1, RANKL, IL6, RANK,
interaction TNFRSF9
hsa04061 Viral protein interaction with | 1.73 6.09e-06 DR4, MCP1, DR5, XCL1, IL6
cytokine and cytokine
receptor
hsa05164 Influenza A 1.49 5.48e-05 DR4, MCP1, IL12B, DRS5, IL6
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hsa05323 Rheumatoid arthritis 1.69 0.00012 MCP1, RANKL, IL6, RANK
hsa04933 AGE-RAGE signaling pathway | 1.5 0.0082 MCP1, RAGE, IL6
in diabetic complications
hsa05142 Chagas disease 1.49 0.0082 MCP1, IL12B, IL6
hsa05135 Yersinia infection 1.39 0.0117 CD4, MCP1, IL6
hsa05224 Breast cancer 1.22 0.0157 FGF23, RANKL, FGF21
hsa05143 African trypanosomiasis 1.76 0.0229 IL12B, IL6
hsa05130 Pathogenic Escherichia coli 1.22 0.0261 DR4, DRS, IL6
infection
Reactome pathways (n=11)
HSA-1280215 | Cytokine Signaling in 1.13 1.16e-05 CD4, MCP1, IL12B, RAGE, GAL9, RANKL, IL6, RANK, TNFRSF9
Immune system
HSA-449147 Signaling by Interleukins 1.15 0.0031 CD4, MCP1, IL12B, RAGE, GAL9, IL6
HSA-6783783 | Interleukin-10 signaling 1.84 0.0094 MCP1, IL12B, IL6
HSA-75158 TRAIL signaling 2.41 0.0199 DR4, DR5
HSA-3371378 | Regulation by c-FLIP 2.27 0.0250 DR4, DR5
HSA-5218900 | CASP8 activity is inhibited 2.27 0.0250 DR4, DR5
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HSA-6803211 | TP53 Regulates 2.27 0.0250 DR4, DR5

Transcription of Death

Receptors and Ligands
HSA-69416 Dimerization of procaspase- 2.23 0.0250 DR4, DR5

8
HSA-5668541 | TNFR2 non-canonical NF-kB 1.5 0.0264 RANKL, RANK, TNFRSF9

pathway
HSA-5676594 TNF receptor superfamily 2.08 0.0273 RANKL, RANK

(TNFSF) members mediating

non-canonical NF-kB

pathway
Disease-gene associations (n=20) (DISEASES)
DOID:0050589 | Inflammatory bowel disease | 1.9 0.00076

CD4, MCP1, IL128B, IL6

DOID:65 Connective tissue disease 1.06 0.00076 CD4, DR4, MCP1, IL12B, FGF23, RANKL, IL6, RANK
DOID:0080001 | Bone disease 3.01 0.0058 CD4, IL12B, FGF23, RANKL, IL6, RANK
DOID:403 Mouth disease 1.53 0.0058 CD4, FGF23, RANKL, IL6
DOID:417 Autoimmune disease 1.24 0.0058 CD4, DR4, MCP1, IL12B, IL6
DOID:77 Gastrointestinal system 1.08 0.0058 CD4, MCP1, IL12B, FGF23, RANKL, IL6

disease
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and connective tissue

DOID:8632 Kaposis sarcoma 1.07 0.0058 CD4, IL6

DOID:0060032 | Autoimmune disease of 1.38 0.0102 DR4, MCP1, IL12B, IL6
musculoskeletal system

DOID:0080005 | Bone remodeling disease 1.73 0.0112 FGF23, RANKL, RANK

DOID:0060039 | Autoimmune disease of skin 2.41 0.0145 DR4, MCP1, IL12B
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618
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Supplementary Table 4

Biomarker differences between patients without and with RAF (P < 0.050) not corrected for multiple

testing.
AAD no RAF (n=19) AAD with RAF (n=23) | P value
GH 9.61[7.37-11.19] 7.15 [6.66-8.08] 0.007
THBS2 | 5.94 £0.15 5.82+0.16 0.007
LEP 6.74+0.71 575+1.41 0.008
TGFB1 | 8.31[8.0-8.82] 8.78 [8.32-9.43] 0.009
IL16 7.09 £0.58 7.51+0.44 0.011
CD8A | 6.42+0.30 6.51+0.34 0.014
1L24 1.76 £0.33 1.54 +£0.29 0.024
BNP 1.06 [0.88-1.36] 1.27 [1.16-1.42] 0.025
AGRP | 4.66 £ 0.46 4.96 +0.49 0.045

Data are given as mean £SD or median [IQR].

Abbreviations: AAD; autoimmune Addison’s disease, GRP; agouti-related peptide, BNP; brain natriuretic

peptide, CD8A; Cluster of Differentiation 8a, GH; growth hormone, IL-16; interleukin 16, IL-24; interleukin

24, LEP; leptin, RAF; residual adrenocortical function. TGFB1; Transforming growth factor beta, THBS2;

Thrombospondin 2.

*Statistically significant at P<0.050
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630

Supplementary Table 5

Change in NPX P value

PDL2 -0,15 0.0001*
LEP -0,25 0.0003*
FGF21 -0,31 0.002
MARCO -0,16 0.002
DCN -0,14 0.003
IL17D -0,04 0.003
ACE2 -0,16 0.004
HAOX1 -0,32 0.004
PAR1 -0,21 0.004
GIF -0,23 0.005
SORT1 -0,15 0.005
VSIG2 -0,19 0.005
GT -0,48 0.006

IL7 0,29 0.009
VEGFD -0,11 0.01
CD40l -0,34 0.012
CTSL1 -0,15 0.014
MMP7 -0,13 0.014
MMP12 -0,20 0.015
IlgGFcReceptor2B -0,15 0.016
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PRSS8 -0,15 0.016
FABP2 -0,35 0.018
THBS2 -0,05 0.018
TNFRSF9 -0,34 0.018
PAPPA -0,12 0.019
DKK1 -0,01 0.021
CEACAMS8 -0,40 0.022
PRELP -0,12 0.022
TNFRSF11A -0,19 0.023
PSGL1 -0,08 0.027
AMBP -0,02 0.03
SERPINA12 -0,20 0.032
SOD2 -0,08 0.033
HSP27 -0,53 0.036
PTX3 -0,13 0.037
HOSCAR -0,10 0.038
TNFRSF13B -0,13 0.038
BNP -0,16 0.044

ILIRA -0,13 0.046

*Significant after correction for multiple testing
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Biological connection network including the 19 biomarkers significantly different between patients with
AAD and healthy controls at baseline by STRING. For the full network of biomarkers, an estimation of the
overall connection is given as an average clustering coefficient ranging from 0 to 1, where 0 indicates no
connection and 1 a fully connected network. A significant network P-value indicates that the reported
connections are not random. We employed the default interaction confidence score of 0.4 as a threshold

for any biological connections between single biomarkers.

In the network figure, each biomarker is represented by a colored node, with connecting lines indicating
similarities in biological function or structure. The thickness of the connecting line marks the strength of

available evidence to support the biological connection.

The overall network of biomarkers was significantly enriched (P = 1.0e-16) with an average clustering
coefficient of 0.721, suggesting de facto similarities in biological function or structure. The specific
processes and pathways that were significantly enriched mainly related to cell signaling and immune
response, including cytokine action and chemotaxis (Supplementary Table 3). Merging to the Disease-
gene association database (DISEASE) showed that similar biomarker networks have been reported in
other autoimmune diseases, diseases in bone and connective tissue, and infections, in particular

(Supplementary Table 3).
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Errata
Page 9 Wrong words: “and sequential” — corrected to “tandem mass”
Page 9 Wrong word: "glycosylation” — corrected to “glycation”

Page 12 Updated status: “In revision for Eur J Endocrinol” updated to
“Accepted in EJE in September 2023” end the title extended to include
“- a cross-sectional study”

Page 13 Updated status: “In revision for J Clin Med” updated to “Accepted in J
Clin Med in May 2023”

Page 13 Updated status: “In revision for Eur J Endocrinol” updated to
“Accepted in EJE in June 20237

Page 30 Missing word: “to”

Page 31 Removal of word in the subheading: “And”S

Page 34 Wrong number: “21” corrected to “17”

Page 36 Misspelling: “years” corrected to "year”

Page 37 Missing comma inserted
Page 37 Duplicate wording: removed “were noted”
Page 43 Wrong word: "glycosylation” — corrected to “glycation”

Page 44 Inconsequent spelling: “sixty” corrected to "60”
Page 45 Misspelling: “deteriorate” corrected to "deteriorates”
Page 51 Misspelling: “PDL2” corrected to "PDL1”

Page 52, 55 Wrong word: “detectable” corrected to “quantifiable”
Page 53 Incomplete word: “there” corrected to "therefore”
Page 54 Misspelling: “pre-crisis” corrected to "pre-crises”

Page 62 Misspelling: "biomarkers” corrected to "biomarker”
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