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Abstract

Background: Glycogen storage disease type | (GSDI) is an inborn error of carbohydrate metabolism caused by
mutations of either the G6PC gene (GSDIa) or the SLC37A4 gene (GSDIb). Glucose 6-phosphate (G6P) availability
has been shown to modulate 113-hydroxysteroid dehydrogenase type 1 (11BHSD1), an ER-bound enzyme
catalyzing the local conversion of inactive cortisone into active cortisol. Adrenal cortex assessment has never been
performed in GSDI. The aim of the current study was to evaluate the adrenal cortex hormones levels in GSDI
patients.

Methods: Seventeen GSDI (10 GSDla and 7 GSDIb) patients and thirty-four age and sex-matched controls were
enrolled. Baseline adrenal cortex hormones and biochemical markers of metabolic control serum levels were
analyzed. Low dose ACTH stimulation test was also performed.

Results: Baseline cortisol serum levels were higher in GSDla patients (p =0.042) and lower in GSDIb patients (p =
0.041) than controls. GSDla patients also showed higher peak cortisol response (p = 0.000) and Cortisol AUC (p =
0.029). In GSDla patients, serum cholesterol (p = 0.000), triglycerides (p = 0.000), lactate (p =0.000) and uric acid (p =
0.008) levels were higher and bicarbonate (p = 0.000) levels were lower than controls. In GSDIb patients, serum
cholesterol levels (p =0.016) were lower and lactate (p = 0.000) and uric acid (p = 0.000) levels were higher than
controls. Baseline cortisol serum levels directly correlated with cholesterol (o =0.65, p =0.005) and triglycerides (p =
0.60, p =0.012) serum levels in GSDI patients.

Conclusions: The present study showed impaired cortisol levels in GSDI patients, with opposite trend between
GSDla and GSDIb. The otherwise preserved adrenal cortex function suggests that this finding might be secondary
to local deregulation rather than hypothalamo-pituitary-adrenal axis dysfunction in GSDI patients. We hypothesize
that 11BHSD1 might represent the link between endocrine regulation and metabolic derangement in GSD,
constituting new potential therapeutic target in GSDI patients.
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Background

Glycogen storage disease type I (GSDI) is an inborn
disorder of carbohydrate metabolism caused by the
deficiency of microsomal glucose-6-phosphatase
(G6Pase) system. It is characterized by accumulation
of glycogen and fat in the liver and kidneys. Two
major subtypes of GSDI have been identified: GSDIa,
which is caused by mutations in the gene encoding the
G6Pase alpha (G6Pasea), and GSDIb, caused by muta-
tions in the gene encoding the glucose 6-phosphate
(G6P) translocase (G6PT), which transports G6P from
cytoplasm to microsomes. G6Pasea is expressed in the
liver, kidney and intestine, whereas G6PT is ubiqui-
tous. The clinical and biochemical phenotype of GSDI
includes fasting hypoglycaemia, hepatomegaly, lactic
acidosis, hypertriglyceridemia, hypercholesterolemia
and hyperuricemia; GSDIb is also associated with neu-
tropenia and neutrophil dysfunction, resulting in re-
current infections and predisposition to inflammatory
bowel disease (IBD) [1].

G6P availability has been shown to modulate 11p3-
hydroxysteroid dehydrogenase type 1 (11fHSD1) activ-
ity. In GSDIa, the G6P excess in the endoplasmic
reticulum (ER) (due to G6Pasea deficiency) has been as-
sociated to increased 11BHSD1 activity, while in GSDIb
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the lack of G6P in ER (due to G6PT deficiency) has been
associated to decreased 11pPHSD1 activity [2].

11BHSD1 is an ER-bound enzyme catalyzing the con-
version of inactive cortisone in active cortisol. It is typic-
ally expressed in glucocorticoid receptor-rich tissues,
such as the liver, adipose tissue, lung and brain [3].
11BHSD1 requires NADPH as a cofactor generated by
the hexose-6-phosphate dehydrogenase (H6PDH)-medi-
ated conversion of G6P to 6-phosphogluconactone
(6PGL) [4]. The accumulation of G6P in ER fuels the
G6PT-H6PDH-11BHSD1 system, leading to increased
pre-receptorial activation of glucocorticoids [5]. There-
fore, the G6PT-H6PDH-11BHSD1 system is crucial in
the coupling between glucose metabolism and gluco-
corticoid response (see Fig. 1). Interestingly, in H6PDH
knock-out mice a decreased negative feedback on the
hypothalamo-pituitary-adrenal (HPA) axis has been ob-
served [6].

Although an inverse correlation between serum corti-
sol concentrations and weight SDS has been demon-
strated [7, 8], adrenal cortex assessment has never been
performed in GSDI patients.

The aim of the current study was to evaluate adrenal
cortex function in GSDI patients unveiling possible dif-
ferences between GSDIa and GSDIb patients.
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Fig. 1 Proposed pathomechanism linking endocrine regulation and metabolic imbalance in GSDI. In GSDla G6P accumulates in both cytosol and
ER within the hepatocytes. Increased G6P availability in the ER upregulates 11BHSD1 activity resulting in increased cortisol regeneration. Increased
G6P in the cytosol enhances glycolysis and lipid load to mitochondria resulting in mitochondrial stress and increased cortisol synthesis (secondary
to increased substrate availability). Together, these secondary metabolic disturbances lead to increased risk of insulin-resistance and metabolic
syndrome. In GSDIb G6PT defect results in disrupted ER cycling in immune cells (e.g. neutrophils, lymphocytes) and subsequently decreased
cortisol regeneration with the ER and potentially reduced substrates to mitochondria for cortisol synthesis. Reduced cortisol availability might
contribute to chronic inflammation and higher risk for autoimmune disorders. G6P: glucose 6-phosphate, 6PG:6-phosphogluconactone,
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Methods
Subjects
The study protocol was in accordance with the Italian
regulations on privacy protection and with the Helsinki
Doctrine for Human Experimentation. All studies were
performed after informed consent was obtained from
adult subjects or the infants’ parents. Patients were re-
cruited over a 12 months period. Seventeen GSDI pa-
tients (6 males and 11 females) were enrolled. Ten
GSDIa patients (4 males and 6 females, mean age
12.11 £ 1.52, range 6—20 years) were compared to 20 age
and sex matched controls. Seven GSDIb patients (2
males and 5 females, median age 14.90 + 2.25, range 8-
23 years) were compared to 14 age and sex matched
controls. The diagnosis of GSDIa and GSDIb was based
on mutation analysis of the G6PC and SLC37A4 gene,
respectively. All patients were on dietary treatment. Each
patient received uncooked cornstarch (UCCS), nocturnal
gastric drip feeding (CNGF) or a combination of the
two. Dietary regimens varied among different patients
according to their families’ requests and attitudes.
Thirty-four subjects with normal random blood glu-
cose and no history of hypoglycemia were included as
healthy control participants. Each GSDIa or GSDIb pa-
tient was compared to two age and sex-matched
controls.

Clinical and biochemical parameters

The following clinical parameters were recorded: height,
weight, body mass index (BMI), systolic and diastolic
blood pressure (BP). Blood samples were obtained at 8
am. Fasting time ranged between 4 and 9h. This was
calculated according to patients’ usual fasting tolerance.
16/17 patients showed fasting tolerance between 4 and
6 h. One adult patient showed fasting tolerance of 9 h.
To overcome the bias due to patients’ short fasting time
the control subjects were asked to have blood and urine
sampling after the same fasting time of his/her age and
sex matched patient. Serum glucose, cholesterol, triglyc-
erides (TG), lactate, uric acid and bicarbonate were
assessed as markers of metabolic control. In order to
control for possible interaction of cholesterol with tri-
glycerides, Corrected Cholesterol (CChol) was also cal-
culated as following: Cholesterol — (TG/5) [9].

Hormonal studies

Fasting blood samples were obtained at 8 a.m. HPA axis
function was assessed by evaluating adrenocorticotropic
hormone (ACTH), cortisol, androstenedione, 17-
hydroxyprogesterone (170HP), dehydroepiandrosterone
sulphate (DHEAS), renin, aldosterone serum levels as
well as and 24-h Urinary Free Cortisol (UFC) levels
using routine assays with commercially available Kkits.
Cortisol, DEHAS, androstenedione, 170OHP were
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evaluated at baseline and after a low dose ACTH stimu-
lation test using 1pg Synacthen® (synthetic ACTH
analogue). The timing of the ACTH stimulation test was
arranged in order not to exceed patients fasting
tolerance.

Statistical analysis

“Peak cortisol” was defined as the maximum observed
cortisol value measured following ACTH administration
regardless of when it occurred. Area under the curve
(AUC) was calculated by trapezoid formula. All data in
the text or shown in the figures are expressed as mean +
SE. Statistical analysis was performed using Statistical
Package for Social Science (SPSS 10 for Windows Up-
date; SPSS Inc., Chicago, Illinois, USA). The compari-
sons between numerical variables were performed by
Student’s t-test corrected for Fisher’s exact test. The
normality of the distribution was checked by the Sha-
piro-Wilk test. One-way ANCOVA with Bonferroni-
adjusted post hoc tests analysis was performed to con-
trol cortisol concentrations for covariates (cholesterol,
triglycerides and CChol). Correlation study was per-
formed by Spearman’s rank correlation. Cholesterol, TG
and CChol were further assessed in multivariable linear
regression analysis. The predictive capability of the mul-
tivariable regression model was checked by the F-test.
Statistical significance was set at p < 0.05.

Results

Clinical and biochemical parameters (Table 1 and
Additional file 1)

GSDIa patients showed increased cholesterol (p = 0.000),
TG (p=0.000), lactate (p=0.000) and uric acid (p =
0.008) serum levels and reduced bicarbonate serum
levels (p =0.000) compared to controls. GSDIb patients
showed reduced cholesterol (p =0.016), CChol (p =
0.010) and bicarbonate (p =0.002) serum levels and in-
creased lactate (p = 0.000) and uric acid (p = 0.000)
serum levels (p =0.002) compared to controls. GSDIb
patients showed lower height (p = 0.040) and height cen-
tile (p =0.002) and weight centile (p =0.030) than con-
trols. Glucose concentrations ranged 4.4—7.8 mmol/L in
GSDIa patients and 4.0-8.1 mmol/L in GSDIb patients
(Additional file 1A). No significant difference in the
remaining parameters was observed between GSDIa and
GSDIb patients and controls.

Hormonal studies

Baseline serum hormone levels and UFC are shown in
Table 2 and Additional file 1. Serum cortisol levels were
higher in GSDIa patients (p =0.042, Fig. 2a) and lower
in GSDIb patients (p =0.041, Fig. 2b) than controls.
GSDIa patients showed higher 60 min (p = 0.019, Fig. 2a)
and 90min (p =0.000, Fig. 2a) cortisol levels after
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Table 1 Clinical and biochemical markers of metabolic control in GSDI patients and control subjects
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GSDla Controls GSDIb Controls

Mean SE Mean SE Mean SE Mean SE lavsC Ibvs C
Age (years) 12.10 152 11.90 1.00 14.90 2.25 15.18 1.59 0.909 0.922
Fasting time (hours) 5.20 046 5.65 0.27 529 0.20 579 0.24 0418 0.200
Height (cm) 139.00 5.80 144.70 4.00 143.00 4.00 155.00 340 0420 0.040
Height (centile) 20.10 9.00 40.80 490 20.70 7.50 56.80 4.40 0.080 0.002
Weight (Kg) 46.80 6.60 49.70 4.40 54.90 740 61.70 520 0.710 0.460
Weight (centile) 68.00 7.70 72.00 4.10 75.70 6.60 87.80 1.20 0610 0.030
BMI (Kg/m?2) 2293 1.30 23.05 10.80 25.90 2.12 25.00 144 0.947 0.734
BMI (centile) 88.80 3.20 88.80 220 92.00 240 91.90 203 0.811 0.520
Systolic BP (mmHg) 104.50 3.11 98.00 225 103.30 3.14 112,50 3.66 0.104 0.121
Diastolic BP (mmHg) 69.00 1.94 65.00 1.80 64.71 1.78 66.79 1.45 0.132 0.400
Glucose (mmol/L) 5.14 032 4.76 0.07 591 0.56 5.09 0.14 0.113 0.080
Cholesterol (mmol/L) 495 0.29 3.86 0.13 270 0.15 022 8.62 0.000 0.016
Triglycerides (TG) (mmol/L) 4.28 063 1.00 0.09 131 032 1.22 0.12 0.000 0.757
CChol (mmol/L) 4.09 0.20 3.66 0.12 244 0.1 333 0.21 0.090 0.010
Lactate (mmol/L) 2.16 0.15 133 0.05 3.26 0.67 135 0.06 0.000 0.000
Uric acid (umol/L) 303.37 17.62 227.23 16.64 367.11 33.54 225.19 14.00 0.008 0.000
Bicarbonate (mmol/L) 2240 0.71 26.31 043 20.77 1.14 24.57 048 0.000 0.002

BP blood pressure, CChol corrected cholesterol

ACTH stimulation and higher peak cortisol response
(p=0.000, Fig. 2c) as well as cortisol area under the
curve (AUC) (21,536 + 884 vs 18,716 + 764, p =0.029)
than controls. No significant difference in the remaining
serum hormone levels, AUC and UFC were observed be-
tween GSDIa or GSDIb patients and controls. After con-
trolling for covariates, no significant difference in 30 min
and 60 min cortisol levels was observed between patients

and controls (GSDIa: p =0.645, GSDIb: p = 0.850); 90
min cortisol levels were significantly higher in GSDIa pa-
tients than controls (p = 0.007).

Correlation study
Baseline cortisol serum levels directly correlated with
cholesterol (p=0.65, p =0.005) and TG (p=0.60, p =

Table 2 Baseline hormone serum levels in GSDI patients and control subjects

GSDla Controls GSDIb Controls Significance (p)  Reference range
Mean  SE Mean SE Mean  SE Mean SE lavsC IbvsC
ACTH (pmol/L) 6.28 173 540 0.55 7.15 224 531 042 0.545 0.282 22-110
Cortisol (nmol/L) 45544 4174 35227 1930 23022 5937 37256 3547 0.042 0.041 < 15years: 83-580
> 15years:220-525
Androstenedione (nmol/L) 1.16 033 144 023 224 028 228 035 0493 0944  Depending on Tanner stage
170HP (nmol/L) 1.37 0.25 1.09 013 207 0.53 1.38 0.1 0276  0.108 Depending on Tanner stage
DHEAS (nmol/L) 3392 1255 3496 272 4195 1755 3068 286 0.938 0.549 Depending on Tanner stage
Renin® (pmol/L) 0.14 004 0.18 0.01 0.20 0.05 0.16 0.01 0.611 0478 < 5years: 0.07-0.21
> 5years: 0.06-0.08
Aldosterone® (pmol/L) 2542 653 2553 1.1 1764 546 24.12 127 0750 0432 < 15years: 1.80-28.80
> 15 years: 2.50-11.00
UFC (ug/24 h)b 55.83 8.02 65.30 572 8129 4794 6267 1026 0.360 0610 1-10years: 2-27

11-20 years:5-55
> 20years: 20-90

2 7 GSDla and 6 GSDIb patients
b 5 GSDIa and 3 GSDIb patients

ACTH adrenocorticotropic hormone, 170HP17-hydroxyprogesterone, DHEAS dehydroepiandrosterone sulphate, UFC 24-h urinary free cortisol
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Fig. 2 a Baseline and ACTH-stimulated cortisol levels in GSDla patients () and controls (m). b Baseline and ACTH-stimulated cortisol levels in
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730: 30 min after ACTH analogue administration, T60: 60 min after ACTH analogue administration, T90: 90 min after ACTH analogue administration
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0.012) serum levels in GSDI patients (Fig. 3). A direct
correlation between cholesterol and triglycerides was
found (p =0.77, p =0.000). Multivariate analysis (F-test,
p =0.031) showed no significance for cholesterol (=
0.50, p =0.149), TG (p =0.32, p = 0.640) and CChol ( =
0.39, p = 0.150).

Discussion
An endocrine involvement has been extensively reported
in GSDI [7, 8, 10-12]. Interestingly, most of the typical
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Fig. 3 Correlation between baseline cortisol levels and cholesterol
(8, p=0.65, p<0.01) and triglycerides (A, p=0.60, p < 0.05) levels in

GSDI patients. * p < 0.05, **p < 0.01, *** p <0.001

findings in GSDI (short stature, delayed puberty,
hypothyroidsm, polycystic ovaries, osteoporosis) are
similar to those of Cushing’s syndrome, suggesting a
possible impairment in glucocorticoid metabolism in
GSDL To the best of our knowledge, systematic adrenal
cortex assessment has never been performed in GSDI. In
order to gather information on the function of the ad-
renal cortex, data concerning adrenal cortex hormones
(both at baseline and after ACTH challenge) were col-
lected in GSDIa and GSDIb patients. GSDIa patients
showed higher baseline and ACTH-stimulated cortisol
levels with GSDIb patients showing decreased baseline
cortisol levels. The opposite cortisol profile between
GSDIa and GSDIb points to a possible role of the meta-
bolic defect per se in the endocrine imbalance. The re-
sults of the current study suggest that imbalanced
cortisol levels in GSDI might be due to local deregula-
tion rather than HPA axis activation. Cortisol role as a
counter-regulatory hormone in glucose homeostasis
should also be taken into account. No patient showed
low blood glucose concentrations in the present study.
Two GSDIb patients showed glucose concentration
slightly above 4.0 mmol/L (Additional file 1A). Notably,
GSDIb patients showed lower cortisol levels than con-
trols in the present study. Glucose concentrations were
not routinely measured at the end of the ACTH
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stimulation test based on the following considerations:
1) the timing of the ACTH stimulation test was arranged
in order not to exceed patients fasting tolerance and 2)
the administration of ACTH stimulates the release of
cortisol from the adrenal cortex and no glucose lowering
effect was expected. Indeed, data on glucose concentra-
tion at the end of the ACTH stimulation test available in
four patients showed a relatively stable trend (Add-
itional file 2). No correlation was found between glucose
concentrations and cortisol levels at the end of the
ACTH stimulation test in those patients (p = 0.800) sug-
gesting that glucose concentration likely did not affect
cortisol levels in the present study.

The regulation of adrenal cortex function is under
control of HPA axis [13]. Nonetheless, 11fHSD1 has
recently emerged as a local regulator mechanism
[4]. An important biological function of liver 11fHSD1
(different from tissue-specific pre-receptoral metabol-
ism) is a systemic shift of the cortisol:cortisone equilib-
rium towards active cortisol promoting the crucial
metabolic and circulatory effects of cortisol [14]. Gluco-
corticoid excess is known to cause obesity and diabetes
[15]. The considerable similarities between Cushing’s
syndrome and metabolic syndrome (MS) have driven
investigations on possible pathogenic role of glucocorti-
coids. Among all possible determinants (e.g. HPA axis,
intracellular receptors density, prereceptorial metabol-
ism), 11pHSD1 has emerged as the most plausible
mechanism [16, 17]. The hepatic 11fHSD1 plays a key
role in the development of MS [18, 19]. Conversely,
11BHSD1 knock-out mice are resistant to the develop-
ment of MS [20, 21]. 11BHSD1 is nowadays a promis-
ing therapeutic target and a number of 11BHSD1
inhibitors are in development as potentially effective in
the treatment of MS and diabetes [22, 23]. Interestingly,
the G6P excess in the liver ER has been associated to
increased 11PHSD1 activity in GSDIa [2]. The in-
creased 11PHSD1 activity might play a role in the in-
creased prevalence of insulin-resistance (IR) and MS
reported in GSDIa patients [24].

Biochemically, glucocorticoid synthesis involves the
shuttling of precursors between mitochondria and the
ER, with cholesterol entering the mitochondria as first
step [25]. Most steroidogenic cholesterol is derived from
circulating lipoproteins, but it may be also produced de
novo within the ER [26]. Interestingly, increased G6P
levels in ER [27] and mitochondrial dysfunction [28]
have been suggested to be the cause and the effect of
hypercholesterolemia in GSDIa, respectively. Notably,
Go6Pase activity has been shown in zona reticularis and
zona fasciculata that are actively involved in cortisol syn-
thesis [29]. The increase of cortisol synthesis might in
principle represent a mechanism to divert cholesterol
excess within the mitochondria in GSDIa. Correlation
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data support this hypothesis. Despite not statistically sig-
nificant, these data suggest that the combination of chol-
esterol and TG would best explain the cortisol levels in
GSDI patients. The lack of significance at multivariate
analysis might be due to small sample size and high cor-
relation between the two independent variables.

GSDIb is typically associated with neutropenia, neu-
trophil dysfunction and predisposition to inflammatory
bowel disease (IBD) [1]. Increased prevalence of auto-
immune disorders has been reported [10, 30]. In GSDIb
the lack of G6P in ER has been associated to decreased
11BHSD1 activity [2]. 11BHSD1 is widely expressed in
immune cells [31]. 11BHSD1 expression has been associ-
ated with a switch in energy metabolism suggesting that
11BHSD1 deficiency might worsen tissue damage in the
case of chronic inflammation [32, 33]. Indeed,
11BHSD1-deficient mice showed delayed resolution of
the inflammation [34]. Glucocorticoids are also essential
regulators of T-cells development [35]. The engagement
of glucocorticoid receptor has been recently shown as
crucial determinant conferring protection from auto-
immunity during pregnancy in mice [36]. Regulatory T
cells (Tregs) are particularly responsive to glucocorticoid
signals [37] and impairment of Tregs has been described
in a number of autoimmune diseases [38]. Interestingly,
disrupted Tregs function has been reported in GSDIb
patients [39]. We hypothesize that reduced 11pHSD1 ac-
tivity in GSDIb patients’ immune cells could impair en-
ergy metabolism and cell function and play a role in
delayed resolution of inflammation and development of
autoimmune disorders.

Conclusions

Opposite cortisol levels were found in GSDIa (in-
creased) and GSDIb (decreased) patients. The findings
of the current study suggest that imbalanced cortisol
concentrations might be due to local deregulation ra-
ther than HPA axis activation in GSDI. 11BHSD1 ac-
tivity modulation by G6P availability could explain
the opposite cortisol profile in GSDIa and GSDIb pa-
tients. We speculate that glucocorticoid deregulation
might play a role in the development of the emerging
complications in GSDIa (namely IR and MS) and
GSDIb (delayed inflammation, autoimmune disorders)
patients (Fig. 1). The results of the current study sug-
gest that adrenal evaluation should be considered to
define the pathophysiology of complications in GSDI
and possibly provide additional disease biomarker. It
is noteworthy that the dysregulation of cortisol secre-
tion is opposite in GSDIa and GSDIb. Future studies
dissecting the connection between G6Pase system and
11BHSD1 are warranted in order to identify new po-
tential therapeutic targets in GSDI patients.
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Additional file 1 Biochemical and baseline adrenal cortex hormones in
GSDla patients (e), GSDla-related controls (m), GSDIb patients (A) and
GSDIb-related controls (¢) *p < 0.05, **p < 0.01, ***p < 0.001.

Additional file 2 Cortisol () and glucose (m) concentrations at the
beginning and at the end of the ACTH stimulation test in GSDla (AB,C)
and GSDIb (D) patients. 730: 30 min after ACTH analogue administration,
T60: 60 min after ACTH analogue administration, T90: 90 min after ACTH
analogue administration.
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