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Abstract 
Hepatic glycogen storage diseases (GSD) are characterized by recurrent episodes of hypoglycemia, and anemia has been recognized 
as a frequent complication of these disorders.  This was a convenience cross-sectional study to evaluate  hepcidin  and IL-6 
concentrations in patients with hepatic GSD and their association with anemia and other parameters of iron metabolism. Levels 
of hepcidin, IL-6, and markers of iron metabolism were measured in 32 patients receiving uncooked cornstarch therapy for 
GSD (GSD Ia= 18; Ib= 7; III= 3; IXa= 3; IXb= 1; median age 9.5 years). IL-6 concentrations were compared to those of 8 individuals 
heterozygous for GSD. Nine patients were anemic and five patients had hepatic adenomas. IL-6 levels were higher in patients than 
in heterozygotes. Eight patients had hyperferritinemia, and one had elevated transferrin saturation as well. Hepcidin correlated 
positively with ferritin levels. IL-6 correlated with hemoglobin, iron, transferrin, and transferrin saturation. There was no correlation 
between hepcidin and IL-6 levels. Patients with GSD Ib had the highest IL-6 levels. Anemia is a common finding in hepatic GSD, 
especially in GSD Ib, the type of GSD associated with the highest IL-6 levels. These findings suggest that inflammation is strongly 
associated with development of anemia in GSD Ib.

Keywords
Glycogen storage diseases, cytokines, anemia, iron 
metabolism, hepcidin.

Introduction 

The hepatic glycogen storage diseases (GSD) are inborn errors 
of metabolism characterized by abnormal endogenous glucose 
production and, consequently, fasting hypoglycemia. These 
conditions are classified into different types and receive different 
names depending on the underlying gene and enzyme defect 
and differ in terms of chemical and biochemical manifestations. 
The most frequent forms presented by patients are type Ia, Ib, 
III, IXa and IXc (Table 1).

The most common management strategy is frequent 
administration of uncooked cornstarch, aiming at maintaining 
normal blood glucose levels and preventing secondary metabolic 
derangements. Additional dietary modifications may be made 
depending on the type of GSD [1-10].
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Anemia is a common complication associated with GSD.  
An European study found a prevalence of hemoglobin values 
below the reference values for approximately 25% of prepubertal 
GSD Ia and 50% of prepubertal GSD Ib patients, 40% and 70% 
for adolescents with GSD Ia and GSD Ib, respectively, and 45% 
and 100% for adults with GSD Ia and GSD Ib, respectively 
[11]. In a US study, Talente et al. [12] described the presence of 
anemia in 26 (81%) of 32 adult patients with GSD Ia. In addition, 
of the 5 adults patients with GSD Ib studied, all were declared 
as anemic. A study by Wang et al. [13] from US, described a 
prevalence of anemia of 41.7% in patients with GSD Ia and 
71.8% in patients with GSD Ib. Research on the pathogenesis 
of anemia, however, has been limited, and all prior studies 
have been limited to GSD type I. Previous investigations have 
suggested that different mechanisms may be involved in the 
pathogenesis of anemia in GSD Ia and Ib. Anemia in GSD Ia is 
reportedly associated with iron deficiency or hepatic adenomas; 
in contrast, inflammation related to GSD enterocolitis has been 
associated with anemia in GSD Ib [13-15]. While different 
mechanisms have been implicated, hepcidin is linked to both 
of these processes [16-17]. Hepcidin is a hormone produced by 
the liver which is a key regulator of iron homeostasis [18-19]. It 
has been linked to hepatic adenomas in GSD and also anemia 
of chronic disease [14,16,20].

To better understand the pathogenesis of anemia in GSD, 
we performed an observational, prospective, cross-sectional 

study of plasma concentrations of hepcidin and interleukin-6 
and iron homeostasis parameters in a single-center GSD cohort. 

Materials and Methods 

The study was approved by the Hospital de Clínicas de 
Porto Alegre Research Ethics Committee and was conducted in 
accordance with the Declaration of Helsinki. Study procedures 
were only begun after written informed consent had been 
obtained from all participants or their legal guardians. 

Participant Recruitment 

Patients were eligible for inclusion in the study if they had a 
diagnosis of hepatic GSD, confirmed by measurement of enzyme 
activity and/or DNA analysis by massive parallel sequencing 
using a gene panel designed to all types of GSDs [21], and if they 
were receiving follow-up at the outpatient metabolic disorders 
clinic of the Medical Genetics Service, Hospital de Clínicas de 
Porto Alegre (ATDM-SGM/HCPA, Brazil). 

At the time of the study, 42 patients with GSD were seen 
at ATDM-SGM/HCPA. Of these, 32 (GSD Ia= 18; Ib= 7; III= 
3; IXa= 3; IXb= 1; females= 17), from 30 unrelated families, 
were included. Two patients were aged <3 years and were not 
included due to the technical difficulty of blood sampling. 

Table 1. Characterization of the most frequent types of hepatic glycogenosis.

GSD type Gene OMIM Location E n z y m e 
deficiency Inheritance

Main clinical symptoms

Hypoglycemia Hepatomegaly Hyperlipidemia

0 GYS2 138571 12p12.2 g l y c o g e n 
synthase AR Yes No No

Ia G6PC 232200 17q21
g l u c o s e - 6 -
phosphatase AR Yes Yes Yes

Ib SLC37A4 232220 11q23.3
g l u c o s e - 6 -
p h o s p h a t e 
transporter

AR Yes Yes Yes

III AGL 232400 1p21
g l y c o g e n 
debr anch ing 
enzyme

AR Yes Yes Yes

IV GBE1 232500 3p12.3
g l y c o g e n 
b r a n c h i n g 
enzyme

AR No Yes No

VI PYGL 232700 14q21-q22 liver glycogen 
phosphorylase AR Yes Yes Yes

XIa PHKA2 306000 Xp22.2-p22.1 phosphorylase 
kinase α subunit X-linked Yes Yes No

XIb PHKB 261750 16q12-q13 phosphorylase 
kinase β subunit AR Yes Yes No

XIc PHKG2 613027 16p12.1-p11.2 phosphorylase 
kinase γ subunit AR Yes Yes Yes

XI SLC2A2 612933 3q26.1-q26.2
f a c i l i t a t e d 
g l u c o s e 
transporter

AR Yes Yes Yes

XII ALDOA 611881 16q22-q24 aldolase A AR No Yes No
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One patient refused to participate, and seven did not attend 
their visits during the recruitment period. The ATDM-SGM/
HCPA follow-up protocol includes 3- to 6-monthly visits. 
Tests considered necessary for assessment of metabolic control 
(glucose, triglyceride levels, total cholesterol, lactate) are ordered 
at each visit, while other tests, including abdominal imaging, 
are performed once yearly. 

For comparison of IL-6 levels, eight parents of patients, with 
a median age of 33.5 years (IQR=27; 37.5), were also included in 
analyses (GSD Ia= 3; Ib= 3; III= 1; IXb= 1; females= 6).

The exclusion criteria were that neither patients nor parents 
could present with comorbidities known to affect cytokine levels 
(e.g., autoimmune diseases). Known complications of GSD that 
are associated with elevated cytokine levels, such as inflammatory 
bowel disease, were not among the criteria for exclusion.

Sample Collection

In the morning hours, blood samples from patients (for 
hepcidin, IL-6, iron, ferritin, and transferrin measurement) 
and parents (for IL-6 measurement) were collected into heparin 
sodium tubes. Blood samples were chilled immediately after 
collection and plasma separated by centrifugation (3000 rpm, 
20 min, 4°C) within 30 minutes of collection. Plasma samples 
were than aliquoted and immediately frozen at -80 °C until the 
time of testing.

Laboratory Evaluation

Plasma hepcidin levels were measured using a commercially 
available enzyme-linked immunoassay kit (Hepcidin-25 [human] 
ELISA Kit, Peninsula Laboratories International, Inc., USA). 
Plasma IL-6 levels were also measured with a commercially 
available ELISA kit (IL-6 [Human] ELISA Kit, Invitrogen 
Corporation, USA). Both hepcidin and IL-6 tests were performed 
in duplicate and the average of the two measurements taken 
into account for analysis. No subject had a ≥30% difference in 
levels between test duplicates.

Iron, ferritin, and transferrin measurements were performed 
by the HCPA clinical laboratory, and transferrin saturation 
values were derived using the formula (iron/[transferrin × 1.28]) 
× 100 [22].

Anthropometric Evaluation

Weight and height were measured on the day of blood draws 
and used to calculate the BMI, using the formula BMI = (weight 
[kg]/height [m]2). Classification of nutritional status was based 
on BMI z scores calculated in the Anthro plus v.1.0.4 software 
environment. Individuals were classified as underweight, normal 
weight, overweight, or obese, as age-appropriate, using World 
Health Organization (WHO) criteria [23].

Chart Review

Data on other clinical, biochemical, and treatment-related 
variables, including presence or absence of inflammatory bowel 
disease defined by clinical evaluation, were collected through 
a chart review. Complete blood count, AST, ALT, vitamin B12, 
lactate, glucose, triglyceride, and total cholesterol measurements 
were considered available if performed within 3 months before or 
after study inclusion; in all instances, the most recent value was 
used for analyses. Imaging (abdominal ultrasound or magnetic 
resonance imaging) was considered acceptable if performed 
no more than 1 year before or after. The median time elapsed 
in days from sample collection for AST/ALT measurement to 
sample collection for iron and hepcidin/IL-6 measurement was 
2.5 days; 7 days for vitamin B12; 0.5 days to 1 day for cholesterol, 
triglycerides, glucose, and lactate; and 7.5 days for complete 
blood count. The median time elapsed in months between most 
recent imaging and sample collection for the present study was 
4.4 months. 

The diagnosis of anemia in patients was also based on WHO 
recommendations, using the following reference ranges of Hb 
levels (g/dL): a) children aged 6–59 months: >11.0 = normal; 
10.0–10.9 = mild anemia; 7.0–9.9 = moderate anemia; <7 = 
severe anemia; b) children aged 5–11 years: >11.5 = normal; 
11.0–11.4 = mild anemia; 8.0–10.9 = moderate anemia; <8 = 
severe anemia; c) children aged 12–14 years: >12.0 = normal; 
11.0–11.9 = mild anemia; 8.0–10.9 = moderate anemia; <8 = 
severe anemia; d) females: >12.0 = normal; 11.0–11.9 = mild 
anemia; 8.0–10.9 = moderate anemia; <8 = severe anemia; e) 
males: >13.0 = normal; 11.0–12.9 = mild anemia; 8.0–10.9 = 
moderate anemia; <8 = severe anemia. 

The following reference values were used for the other markers 
of interest: Mean corpuscular volume (MCV): a) children aged 
2–12 years:82–95 fL; b) females:82–96 fL; b) males:83–98 fL. 
Ferritin: a) females:9–120 ng/mL; b) males:18–370 ng/mL; Iron: 
a) females:49–151 μg/dL; b) males:53–167 μg/dL. Transferrin 
saturation.20–50%. Transferrin:200–360 mg/dL. Vitamin 
B12:180–900 pg/mL. 

Statistical Analysis

The descriptive analysis included absolute and relative 
frequencies. Due to the small sample size, continuous variables 
were expressed as median and interquartile range (IQR). 

Due to the clinical and biochemical similarities, patients 
with GSD III and IX were grouped for statistical analysis. For 
comparison between three groups, continuous variable were 
analyzed using the Kruskal-Wallis test followed by Bonferroni-
Dunn post-hoc analysis; while for the comparison between two 
groups the Mann-Whitney U test was used. Categorical variable 
were compared using Fisher’s exact test (p≤0.05). Correlations 
were analyzed using Spearman coefficients. The significance 
level was set at 5%. Statistical analysis was carried out in the 
Statistical Package for the Social Sciences (SPSS) version 22.0 
software environment (SPSS Inc., Chicago, IL).
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Results

The patients’ clinical and laboratory characteristics are 
summarized in Table 2. Parental consanguinity was present in 
7 of 30 families (23.3%).

AST, aspartate aminotransferase; ALT, alanine 
aminotransferase; BMI, body mass index. 

Reference ranges: hematocrit: a) females: 37-47% b) males: 
42-50%; hemoglobin: a) females: 12-16% b) males: 14-18%; 
MCV: a) children aged 2–12 years:82–95 fL; b) females:82–96 
fL; b) males:83–98 fL; platelets: 150-450 µL; glucose: 70-99 
mg/dL; triglycerides: <150 mg/dL; total cholesterol: <200 mg/
dL; lactate:0,7-1,8 mmol/L; ASL: 10-40 U/L; ALT: 10-40 U/L; 
Ferritin: a) females:9–120 ng/mL; b) males:18–370 ng/mL. Iron: 
a) females:49–151 μg/dL; b) males:53–167 μg/dL; Transferrin 
saturation.20–50%. Transferrin:200–360 mg/dL. Vitamin 
B12:180–900 pg/mL.

At the time of enrollment, all patients were on uncooked 
cornstarch therapy. Regarding medications, five patients were 
on ferrous sulfate (Table 3); five, all with GSD Ib, were in use 
of granulocyte colony-stimulating factor; 19 of 32 (GSD Ia= 11; 
Ib= 5; III= 2; IXa=1) were taking a multivitamin; and four, all 
with GSD Ib, were taking anti-inflammatory (aminosalicylates).

Nine patients (30%) were anemic (Table 3). Four had mild 
anemia and five had moderate anemia. Five of 32 (15.6%) had 
inflammatory bowel disease (all with GSD Ib); five of 28 (17.8%) 
had adenomas (all in the GSD Ia group). Finally, 22 of 32 (68.8%) 
were classified as having excess weight (GSD Ia= 14; GSD Ib= 
5; GSD III= 2; GSD IX= 1): nine as overweight and 13 as obese. 
No patient had vitamin B12 deficiency.

Analysis of iron metabolism parameters

Eight patients (25%) had hyperferritinemia; of these, only one 
had elevated transferrin saturation levels, for which hereditary 
hemochromatosis was excluded. Five of these patients were 
anemic (Table 3). 

Regarding IL-6, the median value measured in patients was 
2.33 pg/mL (IQR=1.55; 3.65), versus 1.26 pg/mL (IQR=1.03; 1.85) 
in patients’ parents (p=0.003). Statistical significance remained 
even after removing from analysis all five patients who were on 
iron supplementation (data not shown). 

Figure 1 illustrates hepcidin and IL-6 levels, stratified by 
GSD type. There were no statistically significant between-group 
differences in hepcidin levels (p=0.055). IL-6 levels differed 
across GSD types (p=0.022). Patients with GSD Ib had higher 
values than did those with GSD Ia and those with GSD III/IX. 

Significant correlations are shown in Figure 2. Hepcidin 
correlated with lactate levels only (r=0.43; p=0.024). IL-6 correlate 
with hematocrit (r=-041; p=0.027), iron (r=-0.58; p=0.001), 
transferrin (r=-0.57; p=0.001) and Hb (r=-0.57; p=0.001). Hb 
correlate with iron (r=0.55; p=0.001). There was no correlation 
between hepcidin and IL-6 levels (r=0.319; p=0.081).

There is a statistically significant difference between the 
three groups for iron concentration (p=0.004; p<0.01 for GSD 
Ib vs GSD III/IX), transferrin saturation (p=0.009; p<0.01 for 
GSD Ib vs GSD III/IX), and IL-6 (p=0.023; p<0.05 for GSD 
Ia vs Ib). There was no statistical difference between GSD 
groups regarding hemoglobin (p=0.083), ferritin (p=0.387), 
and transferrin (p=0.350). 

Table 2. Summary of patient characteristics.
Variable Value (median, IQR) n (32)

Age (years) 9.5 (8.0; 16.75) 32

Weigth (kg) 40.8 (25.7; 62.57) 32

Height (cm) 138 (118; 154) 32

BMI (kg/m2) 22.6 (18.3; 27.0) 32

Hematocrit (%) 36.1 (34.0; 38.4) / 37.5 (35.6; 38.5)* 30/25*

Hemoglobin (g/dL) 12.3 (11.3; 13.4) / 12.6 (11.8; 13.6)* 30/25*

MCV (fL) 81.0 ( 77.9; 84.3) / 80.4 (77.8; 84.5)* 30/25*

Platelets (µL) 392.5 (318.8; 462.0) 28

Glucose (mg/dL) 87.0 (80.5; 95.5) 29

Triglycerides (mg/dL) 212.5 (93.8; 386.5) 26

Total Cholesterol (mg/dL) 174.5 (150.8; 200.0) 26

Lactate (mmol/L) 2.0 (1.28; 2.73) 26

AST (U/L) 27.0 (23.0; 57.0) 26

ALT (U/L) 24.0 (16.0 63.5) 26

Iron (µg/dL) 67.0 (44.3; 89.8) / 68.0 (52.0; 92.0)* 32/27*

Ferritin (mg/mL) 90.8 (55.6; 164.2) / 85.6 (55.1; 122.2)* 32/27*

Transferrin (mg/dL) 313.5 (272.5; 334.8) / 318.0 (282.0; 335)* 32/27*

Transferrin saturation (%) 15.6 (12.2; 23.2) / 17.5 (12.9; 25.3)* 32/27*

Vitamin B12 (pg/mL) 436.5 (335.5; 627.5) / 419.0 (330.0; 572.0)* 20/15*

* Excluding patients on oral iron supplementation.
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Table 3. Characteristics of GSD patients with anemia (n=9/30).

Patient Sex Age 
(years)

Type 
of 

GSD
IBD Liver 

adenoma Overweight* Multivitamin  
supplementation

Oral iron
supplementation

Hb  
(g/dL)

MCV 
(fL)

Iron 
(μg/dL)

Ferritin 
(ng/mL)

Transferrin 
(mg/dL)

Transferrin 
sat. (%)

Vitamin 
B12

(pg/mL)

IL-6  
(pg/mL)

Hepcidin  
(ng/mL)

1 F 17 Ia No Yes No No Yes 9.1 92.8 93 199.7 598 12.1 441 1.7 70.27

2 F 8 Ia No No Yes No Yes 10.5 75 21 27.2 290 5.7 269 7.7 65.2

3 M 10 Ia No No Yes No No 11.3 77.9 66 241.8 355 14.5 432 1.82 30.51

4 F 32 Ib Yes NA Yes Yes♯ Yes (prophylactic) 7.8 82.6 29 166.7 182 12.4 650 15.43 77.24

5 M 3 Ib No No Yes No No 10.8 75.3 17 44.1 238 5.6 572 16.97 53.97

6** M 14 Ib Yes No Yes Yes¶ No 11.3 80 34 64.4 402 6.6 NA 3.52 6.69

7** F 3 Ib Yes No No No No 9.2 71 14 164.8 291 3.8 NA 10.97 92.67

8 F 13 Ib Yes No Yes Yes♯ Yes (prophylactic) 11.6 81 79 216 277 22.3 641 3.91 86.05

9 F 6 Ib No No No Yes¶ Yes 9.7 82.6 28 452.5 261 8.4 932 10.01 69.48

F, female; M, male; NA, not available; 
GSD, glycogen storage disease; IBD, inflammatory bowel disease; IL-6: interleukin-6; Transferrin sat., transferrin saturation.
* Subjects were classified as overweight on the basis of body mass index, in accordance with World Health Organization recommendations.
**Iron had been prescribed, but the patient did not take it.
♯Vitamins A, B1, B2, B3, B5, B6, B9, B12, C, D, E, H, and K, calcium, chloride, copper, chromium, iron, phosphorus, iodine, magnesium, manganese, molybdenum, potassium, selenium, zinc.
¶Vitamins A, B1, B2, B6, B12, C, D3, E, nicotinamide, folic acid, panthenol.
Reference ranges: 
Hb: a) children aged 6–59 months: >11.0 = normal; 10.0–10.9 = mild anemia; 7.0–9.9 = moderate anemia; <7 = severe anemia; b) children aged 5–11 years: >11.5 = normal; 11.0–11.4 = mild 
anemia; 8.0–10.9 = moderate anemia; <8 = severe anemia; c) children aged 12–14 years: >12.0 = normal; 11.0–11.9 = mild anemia; 8.0–10.9 = moderate anemia; <8 = severe anemia; d) females: 
>12.0 = normal; 11.0–11.9 = mild anemia; 8.0–10.9 = moderate anemia; <8 = severe anemia; e) males: >13.0 = normal; 11.0–12.9 = mild anemia; 8.0–10.9 = moderate anemia; <8 = severe 
anemia. 
MCV: a) children aged 2–12 years:82–95 fL; b) females:82–96 fL; b) males:83–98 fL. 
Ferritin: a) females:9–120 ng/mL; b) males:18–370 ng/mL.
Iron: a) females:49–151 μg/dL; b) males:53–167 μg/dL. 
Transferrin saturation.20–50%. 
Transferrin:200–360 mg/dL.
Vitamin B12:180–900 pg/mL
Hepcidin: 0.02-25 pg/ml.
IL-6: 5-15 pg/m
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Figure 1. A. Comparison of hepcidin levels stratified by type of GSD; B. Comparison of interleukin-6 levels stratified by type of GSD. GSD Ia, 
n=18; Ib, n=7; III IX, n=7.

• patient with (1) anemia, (2) IBD, and (3) adenoma; GSD, glycogen storage disease. Reference range: Hepcidin: 0.02-25 pg/ml and IL-6: 5-15 pg/ml.
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Correlation with Clinical Variables 

Overweight and obese patients did not differ regarding the 
variables of interest, nor did patients with adenoma and those 
without (data not shown). Analysis of patients with inflammatory 
bowel disease revealed a significant difference only in hepcidin 
values, which were higher in patients with inflammatory bowel 
disease than in those without this condition (p=0.003), but not 
with IL-6 (p=0.249). Patients with anemia had higher IL-6 values 
than non-anemic ones (p=0.002).

Discussion 

To the best of our knowledge, this was the first study to 
investigate the association between plasma levels of hepcidin and 
IL-6 in a relatively large cohort of patients with hepatic GSD. Our 
findings confirmed that anemia is especially prevalent in GSD Ib, 
the type of GSD most commonly associated with inflammatory 
bowel disease. Furthermore, the IL-6 concentrations found 
strengthen the hypothesis that the presence of anemia in patients 
with the “inflammatory” GSD Ib is influenced by the underlying 
inflammatory state, since these patients showed higher levels 
of IL-6 in comparison to the other types. Probably due to the 
small size and heterogeneity of our sample, we did not find some 
expected associations/correlations such as between hepcidin 
and IL-6 levels; inflammatory bowel disease and IL-6 levels; 
and liver adenoma and hepcidin or IL-6 levels. 

In the present study, patients with GSD Ib had significantly 
higher levels of IL-6 than did patients with GSD Ia and GSD 
III/IX. However, some patients with GSD Ia had IL-6 values 
like those of patients with GSD Ib. Elevated IL-6 levels are to be 
expected in chronic inflammation, and may be associated with 
the fact that inflammatory bowel disease is a frequent finding in 
GSD Ib. Furthermore, the presence of gastrointestinal symptoms 
and manifestations of inflammatory bowel disease has been 
described as a possible finding in GSD Ia [24], and markers of 

this condition may be present even in asymptomatic patients 
[25]. In addition, the IL-6 levels measured in patients with 
hepatic GSD were higher than those of their parents, suggesting 
a possible increase in this marker in this population. Analyzes 
involving CRP or sedimentation rates could be informative in 
this context but were not evaluated in the present sample. A prior 
study evaluated IL-6 levels by ELISA assay in 27 patients with 
GSD Ia (mean age=15 years, range= 2–35), fourteen patients with 
GSD III/VI (mean age=16 years, range= 4–28), and 30 healthy 
adult controls (mean age=28 years, range=22–38). 

No positive correlation between hepcidin and IL-6 was found 
in the present study, although the p-value found was borderline. 
Previous studies are ambiguous regarding this finding; some 
found a positive correlation between hepcidin and IL-6 [17,26,27], 
whereas others found no significance for this correlation [28-31]. 
It is important to note that other cytokines may be involved in 
hepcidin regulation and influence correlation between these 
variables [18,32]. Another study analyzed the levels of hepdicin 
and IL-6 in patients with children with chronic liver disease, 
including six patients with GSD, and no correlation was found 
between this two variables, although the prevalence of anemia 
was more frequent in patients with chronic liver disease (p<0.05) 
[33].

Anemia is a common manifestation of inflammatory bowel 
disease, and its etiology is most often associated with iron 
deficiency and chronic inflammation. Less common causes of 
anemia in inflammatory bowel disease are vitamin B12 deficiency 
and folic acid deficiency [34]. In the present study, most of 
patients with GSD Ib had anemia associated with inflammatory 
bowel disease, whereas a smaller portion of patients with GSD 
Ia were deemed to have anemia. Patients with the other GSD 
types did not exhibit this condition. A study by Wang et al. [13], 
with a larger sample (n=195) of U.S. patients with GSD Ia and 
Ib, found rates of anemia different from those observed in our 
study, with a higher rate in GSD Ia (41.7% vs. 17.6%) and a lower 
rate in GSD Ib (71.8% vs 85.7%). According to the same study, 

Figure 2. Statisticaly significant correlations between IL-6, Hepcidin and Hemoglobin with the others biomarkers analyzed. Spearman 
correlation between IL-6 and transferrin (A), hematocrit (B), iron (C), and hemoglobin (D); between hemoglobin and iron (E); and between 
hepcidin and lactate (F).
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iron deficiency anemia would be more common in preadolescent 
patients with GSD I, whereas anemia of chronic disease would 
be more common in adult patients. Due to the small size and 
relatively young age of our sample, we were unable to test for 
associations between type of anemia and age. However, it is clear 
that macrocytic anemia is not a common finding in patients 
with hepatic GSD; the differential diagnosis is restricted to 
the causes of microcytic and normocytic anemia in general, 
and to iron deficiency anemia and anemia of chronic disease 
in particular. Unfortunately, the ferritin levels may not reflect 
the iron status of these patients.

Hepcidin, a 25-amino acid peptide hormone encoded by the 
HAMP gene (hepcidin antimicrobial peptide - MIM606464), is 
involved in the pathogenesis of anemia of chronic disease [20,31,35-
38]. This peptide operates through the hepcidin–ferroportin 
complex, which regulates intracellular and extracellular iron 
concentrations. Ferroportin is a transmembrane receptor that 
exports cellular iron. When levels of hepcidin increase, it binds 
to ferroportin and induces its internalization and degradation. 
Consequently, iron delivery into plasma is decreased through 
inhibition of iron absorption by enterocytes in the bowel and 
inhibition of mobilization of body iron stores [18-20,31,39-
41]. Inflammation may induce hepcidin synthesis mediated 
by cytokines, particularly IL-6, thus leading to the anemia 
of chronic disease [42-47]. The possibility of involvement of 
hepcidin in the pathogenesis of anemia in hepatic GSD was 
raised by Weinstein et al. [16] after finding that five patients 
with GSD Ia had large hepatic adenomas and severe anemia 
nonresponsive to iron supplementation. Examination of adenoma 
tissue from two of these patients revealed increased hepcidin 
mRNA levels and anemia was found to resolve after adenoma 
resection or liver transplantation [16]. In the present study hepatic 
adenomas were observed in five patients with GSD Ia and only 
one was anemic. Adenomas have been associated with a high 
rate of microscopic or macroscopic hemorrhage according to 
the subtype. Large adenomas increase the risk of bleed with 
or without tumor rupture, may lead to anemia. However, few 
studies have reported iron deficiency anemia in large adenomas 
without hemorrhage [48-50]. 

Hepcidin correlated with lactate levels (r=0.43; p=0.024). 
Recently Liu et al. [51] showed that lactate promotes hepatic 
hepcidin expression through cyclic adenosine monophosphate-
PKA-Smad signaling, directly binds to soluble adenylyl cyclase to 
enhance its enzymatic activity and modulates iron homeostasis 
by inducing hepatic hepcidin expression in mice. More human 
studies need to be conducted, but this could be a possible 
mechanism that explains the correlation between lactate and 
hepcidin [51]. 

Conclusions

Our findings suggest that inflammation is related to the 
occurrence of anemia in GSD Ib. A better understanding of the 
mechanisms involved in anemia in hepatic GSD may help the 

future introduction of new therapies and in preventing anemia 
in these diseases. Meanwhile, we suggest patients with hepatic 
GSD are regularly monitored in relation to this complication.
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