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A B S T R A C T   

Introduction: Biotinidase synthesis is needed to recycle biotin for essential metabolic reactions. Biotinidase ac
tivity is lower than normal levels in advanced liver disease but is higher in hepatic glycogen storage disorders 
(GSDs), however the cause of this association remains unclear. 
Methods: In this study, biotinidase activity was measured in plasma samples from 45 individuals with hepatic 
GSDs; GSDI (a, b; n = 25) and GSD III (a, b; n = 20), complemented by a chart review to associate biotinidase 
activity levels with clinical laboratory and imaging findings known to be implicated in these GSDs. 
Results: Our findings showed variation in biotinidase activity levels among subjects with GSD I and III; bio
tinidase activity correlated positively with hypertriglyceridemia in subjects with GSD I (r = 0.47, P = 0.036) and 
GSD III (r = 0.58, P = 0.014), and correlated negatively with age (r = − 0.50, P = 0.03) in patients with GSD III. 
Additionally, biotinidase activity was reduced, albeit within the normal range in subjects with evidence of 
fibrosis/cirrhosis, as compared to subjects with hepatomegaly with or without steatosis (P = 0.002). 
Discussions: These findings suggest that abnormal lipid metabolism in GSD I and III and progressive liver disease 
in GSD III may influence biotinidase activity levels. We suggest that a prospective, multi-center, longitudinal 
study designed to assess the significance of monitoring biotinidase activity in a larger cohort with hepatic GSDs is 
warranted to confirm this observation. 
Take-home message: Altered lipid metabolism and advancing liver fibrosis/cirrhosis may influence biotinidase 
activity levels in patients with hepatic glycogen storage disease. Thus, longitudinal monitoring of biotinidase 
activity, when combined with clinical and other biochemical findings may be informative.   

1. Introduction 

Hepatic glycogen storage diseases (GSDs) are a group of inborn er
rors of glycogen metabolism and storage. Each of these disorders causes 
variable degrees of fasting hypoglycemia and hepatomegaly due to an 
enzymatic defect involving glycogen synthesis or breakdown in the 
liver. The incidence of both GSD I and III is estimated to be 1:100,000 
[1–4]. Patients with GSD I have a deficiency of glucose-6-phosphatase 
complex (GSD Ia) or glucose-6-phosphate translocase (GSD Ib) en
zymes (OMIM #232200 and #232220, respectively). Patients with GSD 
I (a and b) have fasting intolerance, hypoketotic hypoglycemia, and 

hepatomegaly due to defective glycogenolysis and gluconeogenesis. 
They also have secondary hyperlactatemia, hyperuricemia, and hyper
triglyceridemia due to shunting of metabolites proximal to the block to 
alternate pathways, and increased lipolysis [2]. Alternatively, patients 
with GSD III (a, b) have low debrancher enzyme activity (OMIM 
#232400), leading to defective glycogenolysis with intact gluconeo
genesis. Patients with GSD III usually have ketotic hypoglycemia and 
hyperlipidemia, and some patients progress to develop chronic liver 
disease, with signs of fibrosis and cirrhosis [4–6]. Additionally, patients 
with GSD IIIa have progressive muscle disease, with variable degrees of 
creatine kinase elevations and/or cardiac involvement. Metabolic 
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markers such as fasting lactate and uric acid are abnormal in patients 
with GSD I in poor metabolic control, but usually normal in GSD III; 
triglycerides are elevated in both disorders, albeit via different mecha
nisms. Current biochemical markers (lactate, uric acid, and tri
glycerides) are unreliable as they fluctuate in blood [7] and are 
influenced by factors such as use of tourniquet for blood draw and 
composition of the diet. Serum triglyceride (TG) measurement is an 
important marker to measure and follow over time, as chronic elevations 
of TGs above 499 mg/dL have been shown to predict an increased risk 
for hepatic adenomas in GSD I [8]. Biotinidase enzyme is synthesized in 
the liver and secreted in blood [9], and plays an important role in 
recycling biotin to conserve its co-factor activity for essential cellular 
metabolic pathways; these include reactions involving biotin dependent 
carboxylases, such as propionyl-CoA carboxylase (PCC), 3-methylcro
tonyl-CoA carboxylase (MCC), pyruvate carboxylase (PC) and acetyl- 
CoA carboxylase (ACC). These carboxylases are important for gluco
neogenesis, fatty acid synthesis, and branch-chain amino acid catabo
lism [10]. Multiple studies have previously demonstrated the usefulness 
of biotinidase as a diagnostic biomarker in patients with hepatic GSDs, 
including GSD types I and III; however, the cause of these elevations 
have not been elucidated [11–16]. In patients with non-GSD hepatic 
disorders such as hepatitis and advanced liver cirrhosis/failure, bio
tinidase activity levels have been reported lower than controls [17,18]. 
Whether biotinidase activity varies among patients with GSD due to 
metabolic and/or pathological processes inherent to the liver involve
ment in GSD I and III is clearly unknown. Because the liver is the main 
source of serum biotinidase synthesis and the main target organ 
involved in hepatic GSDs, our goal was to assess the utility of measuring 
biotinidase activity levels in patients with GSD types I and III, with an 
aim of determining whether metabolic derangements and/or hepatic 
pathology findings could contribute to the variability in biotinidase 
activity levels. 

2. Patients and methods 

2.1. Patients with hepatic GSD I and III and control subjects 

This study included 45 individuals with the clinical diagnoses of GSD 
I (n = 25; 13 F, 12 M) or GSD III (n = 20; 12 F, 8 M), confirmed by low 
enzyme activity or biallelic pathogenic variants in the genes (G6PC, 
SLC37A4 or AGL). Reference range for biotinidase activity was deter
mined by analyzing residual samples at Duke Biochemical Genetics 
Laboratory, with no clinical indication for a hepatic GSD, biotinidase 
deficiency, or liver/kidney disease, and determined to be unaffected by 
routine biochemical genetics testing. Healthy volunteers (n = 62) and 
leftover samples from individuals with Pompe disease (GSD II, OMIM# 
232300; Pompe, n = 28), a non-hepatic GSD and lysosomal myopathic 
disorder without hypoglycemia, were also used as laboratory controls. 
Individuals included in this study were consented in accordance with the 
requirements of the Duke University Institutional Review Board (IRB) 
(GSD III; IRB# Pro00013699, Pro00047556); individuals with GSD I 
included in this study were evaluated under the natural history study 
protocol (Pro00000034). Adults were defined as individuals ≥18 years 
old. 

2.2. Biotinidase activity assay 

Blood plasma biotinidase assay was developed at Duke Biochemical 
Genetics Laboratory and used for this study between years 2009–2012. 
Plasma samples were obtained from EDTA whole blood and were stored 
at − 80 ◦C. The plasma biotinidase activity was determined using the 
quantitative colorimetric assay that measures the release of para- 
aminobenzoate from biotinyl-para-aminobenzoate [19]. The activities 
were reported as unit (U) of enzyme that catalyzes the transformation of 
1 μmol of biotinyl-para-aminobenzoate to para-aminobenzoate per 
minute, per volume (L) of plasma sample, at 37 ◦C. 

2.3. Clinical laboratory and liver imaging findings 

A retrospective chart review of the medical records was performed 
on individuals consented and included in this study (GSD I and III) to 
evaluate the relationship between biotinidase activity and both clinical 
laboratory tests (labs) and imaging findings routinely performed to 
monitor patients with GSDs. Blood samples and imaging were obtained 
as part of routine medical management during clinic visits. Liver func
tion tests included analysis of albumin and coagulation parameters 
(synthetic liver function), bilirubin (excretory liver function), and 
alanine transaminase (ALT) and aspartate transaminase (AST) (hepa
tocellular function). Kidney function tests included analysis of creati
nine, blood urinary nitrogen (BUN) and microalbumin/creatinine ratio 
from random urine samples. Metabolic control markers for subjects with 
GSD I included analysis of lactate, triglycerides (TG), uric acid, and 
glucose levels. As the presence of 3-methylglutaconic acid (3-MGA) has 
been observed in some individuals with GSD (Duke; unpublished data) 
and previously reported in GSD Ib as a sign of abnormal sterol-lipid 
synthesis [20], urine samples were collected for organic acid analysis 
(GSD I; n = 12). 

To assess the extent of liver involvement, we reviewed study in
dividuals' medical records for liver imaging results including abdominal 
ultrasound (US), computerized tomography (CT) scan, and magnetic 
resonance imaging (MRI), as well as hepatic histopathological reports 
obtained during liver biopsy where available. For GSD III, histopatho
logical findings were stratified from stages 1 to 4 using the Batts-Ludwig 
scoring system (stage 1, portal fibrosis; stage 2, periportal fibrosis; stage 
3, bridging fibrosis; stage 4, regenerative nodule formation or cirrhosis), 
as has previously been reported [6]. Liver biopsy results were consid
ered severe for reports demonstrating stage 3 or 4 fibrosis [6]. 

2.4. Statistical analysis 

Descriptive statistical analysis was performed and reported as mean 
± standard deviation (SD). The significance of two group comparisons 
was determined by a two-tailed, unpaired t-test; ANOVA was used for 
multiple comparisons. We used simple linear regression for correlation 
studies; a P value ≤0.05 was considered statistically significant. 

To evaluate the significance of measuring biotinidase activity in 
patients with GSD I and III, we used the Receiver Operating Character
istic - Area Under the Curve (ROC-AUC). This was generated by plotting 
sensitivity versus specificity for subjects with GSD I and III, compared to 
controls. Statistical significance was achieved when the 95% confidence 
interval (CI) was above 0.5. Statistical analysis was performed using 
GraphPad Prism version 9.0.2 for Windows (GraphPad Software, San 
Diego, California USA, www.graphpad.com). 

3. Results 

3.1. Biotinidase activity assay performance and control levels 

The sample stability and effect of processing on the biotinidase ac
tivity was evaluated as part of the method development and validation. 
The intra-day (n = 6) and inter-day (n = 7, over a 4-week period) co
efficient of variation in plasma samples was 3.4% and 12.8%, respec
tively. After 4 freeze-thaw cycles, the biotinidase activity in plasma 
showed only 6% decrease. Comparisons of biotinidase activity levels in 
serum and plasma samples were done on 4 individuals (GSD I, n = 3; 
GSD III, n = 1), and sample from the same individual showed less than 
9% variation between the two samples. The mean biotinidase activity in 
controls was determined to be 7.2 ± 1.9 U/L (range 1.9–11 U/L, n = 62), 
and was not influenced by age or gender. The mean biotinidase activity 
in patients with Pompe disease (non-hepatic GSD) was 8.3 ± 1.6 U/L 
(range 5.8–12 U/L, n = 28), similar to levels observed in laboratory 
controls. GSD patient samples (I and III) for biotinidase activity mea
surement were collected during routine follow-up clinic visits whenever 
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possible, between 2009 and 2012. The number of times repeat bio
tinidase activity could be analyzed for each patient is indicated in Ta
bles 1 and 3 for GSD I and GSD III, respectively. 

3.2. Clinical findings based on subject demographics 

Forty-five patients with GSD (25 F, 20 M) were investigated in this 
study. The age range was 2–49 years for subjects with GSD I, and 2–58 
years for subjects with GSD III. Our cohort included 25 subjects with 
GSD I (13F, 12 M; 19 with GSD Ia, 6 with GSD Ib) and 20 subjects with 

GSD III (12F, 8 M; 14 with GSD IIIa, 6 with GSD IIIb). Tables 1 and 2 
show biotinidase activity levels, imaging and metabolic parameters 
measured in GSD I. As shown in Tables 2, 15/25 patients had no ade
nomas, while 9/25 had developed adenomas; age was statistically sig
nificant between these two groups (supplementary fig. S1a, P = 0.0141). 
Table 1 shows one patient was post-transplant (subject #16, GSD Ia), 
and 2 patients had renal findings (subject #17, GSD Ia and # 24, GSD 
Ib). Subject #19, had a kidney transplant only. 

Table 3 shows clinical characteristics (age, biotinidase activity and 
imaging/biopsy findings) of patients with GSD III. Eight out of 20 pa
tients with GSD III showed evidence of fibrosis/cirrhosis on imaging 
and/or liver biopsy, while 11/20 subjects only showed signs of hepa
tomegaly and steatosis on abdominal ultrasound without evidence of 
frank cirrhosis/fibrosis (no biopsies were available). One subject did not 
have imaging/biopsy findings available during this study period. One 
individual with GSD IIIa (subject # 10) had insulin-dependent type 2 
diabetes mellitus and showed liver pathological signs of bridging fibrosis 
and extensive steatosis. 

3.3. Biotinidase activity in patients with GSD I and GSD III 

Biotinidase activity was significantly higher in subjects with GSD I (n 
= 21) and GSD III (n = 19), as compared to unaffected controls (n = 62) 
and patients with Pompe disease used as non-hepatic GSD controls (n =
28, P < 0.0001; Fig. 1). Four subjects with GSD I were excluded from 
comparisons of biotinidase activity levels (#16 with post-liver trans
plant biotinidase value only available, #19 with kidney transplant, and 
two individuals (#17 and #24) with kidney disease). Individual #17 
had mild hepatomegaly with extensive non-obstructive bilateral kidney 
stones (creatinine 1 mg/dL, GFR within normal limits, with no micro
albuminuria), and subject #24 had end stage liver and kidney diseases 
due to GSD I (MELD score of 20, and on dialysis three times per week, 
and was awaiting liver and kidney transplant). We also excluded one 
individual with GSD III due to a known history of insulin-requiring type 
2 diabetes mellitus (subject #10). 

The mean biotinidase activity level was 7.2 ± 1.9 (1.9–11 U/L) for 
unaffected controls and 8.3 ± 1.6 (range 5.8–12) for Pompe patients 
with non-hepatic GSD, respectively. Of note, biotinidase activity levels 
were higher in subjects with GSD I compared to GSD III (P < 0.01) 
(Fig. 1). In GSD I samples, the mean biotinidase activity was 16 ± 2.8 U/ 
L (range 10–22 U/L), compared to the mean biotinidase activity of 13.0 
± 3.9 U/L (range 5.7–21.1 U/L) for GSD III samples. In both GSD I and 
III, biotinidase activity was not affected by gender or GSD subtype (a, b). 
Biotinidase activity level was not statistically significantly different 
between children and adults with GSD I. However, in subjects with GSD 
III, we observed a negative correlation of biotinidase activity with age (r 
= − 0.50, P = 0.03) (Fig. 2A), suggesting that biotinidase activity was 
comparatively lower in older patients, possibly a reflection of advancing 
liver disease in older subjects. The Receiver Operating Characteristic - 
Area Under the Curve (ROC-AUC) for biotinidase activity was 99% for 
GSD I and 83% for GSD III, as compared to controls (Supplementary figs. 
S2a and S2b). 

In the GSD I cohort, there was no difference in biotinidase activity 
between subjects with adenomas compared to subjects without ade
nomas. However, subjects with adenomas were older in age and had 
higher TG levels compared to subjects without adenomas (P = 0.0141, 
and P = 0.0134, respectively) (Supplementary figs. S1a and S1b). 
Furthermore, TG levels (mean 470, min-max 182–1026 mg/dL) corre
lated positively with biotinidase activity (r = 0.47, P = 0.036) (Fig. 3A). 
Additionally, biotinidase activity was significantly higher among sub
jects with 3-MGA in urine than in subjects without 3-MGA (P = 0.0063) 
(Fig. 3B). There were no correlations noted between biotinidase activity 
and kidney functions, liver transaminases, or albumin for patients with 
GSD I. No statistically significant correlations were observed between 
biotinidase activity levels and glucose, lactate and uric acid (Table 3) for 
patients with GSD I. Imaging findings and corresponding biotinidase 

Table 1 
Biotinidase activity in individuals with GSD I (a, b) and the extent of liver 
involvement.  

Subjects 
GSD I (n =
25) 

Age (years) 
(interval: 
2–49 yrs) 

Biotinidase 
activity, average 
(U/L) 

Liver involvement 

GSD Ia (n =
19)    

1 4 20.1 (n = 2) Ultrasound: hepatomegaly, 
echogenic, steatosis 

2 5 16.1 (n = 2) Ultrasound: hepatomegaly 
3 6 12.3 (n = 2) Ultrasound: hepatomegaly, 

echogenic, steatosis 
4 8 12.5 (n = 3) Ultrasound: hepatomegaly, 

echogenic liver 
5 9 13.9 (n = 3 Ultrasound: hepatomegaly, 

echogenic, steatosis 
6 11 14.0 (n = 4) Ultrasound: hepatomegaly, 

echogenic, steatosis 
7 13 17.1 (n = 2) Ultrasound: hepatomegaly, 

echogenic, steatosis 
8 14 16.9 (n = 1) MRI: hepatomegaly, 

steatosis, multiple adenoma 
9 15 10.8 (n = 2) Ultrasound: hepatomegaly 
10 18 12.8 (n = 2) MRI: hepatomegaly, fatty, 

multiple adenoma 
11 18 16.7 (n = 1) N/A 
12 20 21.6 (n = 2) Ultrasound: hepatomegaly, 

echogenic, steatosis 
13 24 16.9 (n = 5) MRI: hepatomegaly, 

multiple adenomas 
14 24 18.1 (n = 5) MRI: severe hepatomegaly, 

steatosis, multiple 
adenomas 

15 30 15.9 (n = 1) MRI: hepatomegaly, diffuse 
steatosis, multiple adenoma 

16 35 6.8 (n = 2) Post-liver transplant (no 
level prior to transplant) 

17 36 9.3 (n = 1) Mild hepatomegaly, 
extensive non-obstructing 
bilateral nephrolithiasis 

18 38 15.6 (n = 2) MRI: hepatomegaly, 
steatosis, multiple adenoma 

19 49 16.5 (n = 3) MRI: hepatomegaly, 
steatosis, multiple 
adenomas, kidney 
transplant  

GSD Ib (n =
6)    

20 2 16.7 (n = 3) Ultrasound: hepatomegaly, 
echogenic, coarse 

21 7 17.5 (n = 3) Ultrasound: hepatomegaly, 
echogenic, coarse 

22 9 19.8 (n = 5) Ultrasound: hepatomegaly, 
echogenic, coarse 

23 11 15.9 (n = 2) MRI: hepatomegaly, diffuse 
steatosis, multiple adenoma 

24 29 10.6 (n = 3) CT: hepatomegaly, portal 
hypertension, kidney failure 

25 32 12.7 (n = 1) MRI: hepatomegaly, 
steatosis, multiple 
adenomas 

Note: n, number of samples. N/A; not available. 
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activity levels (Table 1) and metabolic control parameters (with and 
without adenomas) are shown in Table 2. Three subjects (#16 post- 
transplant and subjects #17 and #24 with obstructive uropathy and 
dialysis dependent chronic kidney disease, respectively) had lower 
biotinidase activity levels (within the control range) compared to other 
patients with GSD I and higher levels. 

In the GSD III cohort, biotinidase activity correlated with hyper
triglyceridemia (mean 193, min-max 76–480 mg/dL) (r = 0.58, P =
0.0144) (Fig. 2B). We report a significant decrease in the mean bio
tinidase activity among subjects with evidence of liver cirrhosis/fibrosis 
on imaging and/or biopsy, compared to subjects showing only hepato
megaly or steatosis without evidence of liver fibrosis on imaging and 
histology (9.5 versus 14.6, P = 0.0021) (Fig. 2C). Furthermore, in sub
jects with GSD III, the ROC-AUC of biotinidase activity assay sensitivity 
dropped to 59% in subjects with cirrhosis and fibrosis (Supplementary 
fig. S2c) and increased to 98% when subjects with cirrhosis/fibrosis 
were excluded from the analysis (Supplementary fig. S2d). The latter 
findings suggest that liver disease contributes to lower biotinidase ac
tivity in subjects with GSD III, thus reducing the sensitivity and speci
ficity of biotinidase as a liver function biomarker in this group. There 
was a negative correlation between biotinidase activity and age (r =
− 0.50, P = 0.03) (Fig. 2A), suggesting that lower biotinidase activity in 
patients with GSD III may be a sign of progression of the liver pathology 
with advancing age. In this GSD III cohort, there was no correlation 
between biotinidase activity and markers of liver dysfunction including 
albumin, bilirubin, ALT, and AST until late in the disease when liver 
transplant was indicated. 

4. Discussion 

As novel therapeutics including gene therapy and messenger RNA 
therapies emerge for treatment of hepatic glycogen storage disorders 

(GSDs), reliable non-invasive biomarkers that reflect hepatic, 
biochemical, and pathological changes become a necessity. In this study, 
we evaluated repurposing the measurement of biotinidase activity in 
subjects with GSD I and III to assess its relevance as a biomarker for 
chronic disease. We chose to study patients with GSD I and III because 
they have distinct biochemical features (especially GSD I) and liver 
findings. Furthermore, new therapies are currently in different phases of 
clinical trials. 

In summary, using ROC graphs, we show the sensitivity and speci
ficity of biotinidase as a marker in patients with GSD I, and III. Our re
sults support previous findings, showing higher levels of biotinidase 
activity in patients with GSD I, when compared to GSD III patients. We 
show that there is more variability in biotinidase activity levels among 
patients with GSD III than in GSD I. We report that age and biotinidase 
activity were inversely related in patients with GSD III and evidence of 
liver pathology on imaging and liver biopsy. We also report that bio
tinidase activity is higher among patients with GSD Ia who have 
elevated 3-MGA. 

In our study, lower but within “normal control” biotinidase levels 
were noted in 3/25 patients with GSD I, and 8/20 subjects with GSD III. 
In three GSD I patients, this was attributed to liver transplant in one 
patient, and was associated with obstructive kidney disease, and renal 
failure respectively in two patients. Nevertheless, biotinidase activity is 
high in the kidneys, and the kidneys play an important role in glycogen 
metabolism and gluconeogenesis [21]. Of note, patients with type I 
diabetes, who develop renal dysfunction and nephropathy, reportedly 
lose biotinidase and alanine in urine with advancing kidney disease 
[22]. Whether kidney disease in patients with GSD I could influence 
biotinidase activity levels is unknown and cannot be deduced from this 
limited study. 

In individuals with GSD III, we observed significant variations in 
biotinidase activity levels among eight individuals with advanced 

Table 2 
Metabolic parameters in individuals with GSD I with and without adenomas.  

Age (years) Biotinidase activity 
(U/L) 

Lactic Acid (RI: <2.5 
mmol) 

Triglycerides (mg/dL) (>499, 
very high) 

Uric acid (RI: <6 mg for females, <7 
mg for males) 

Glucose (RI: 70–130 
mg/dL) 

GSD I participants without hepatocellular adenomas (n = 15) 
2 16.7 3.0 182 10.7 85 
4 20.1 6.0 764 5.6 111 
5 16.1 4.1 208 5.4 92 
6 12.3 2.6 235 4.4 65 
7 17.5 3.0 185 7.2 77 
8 12.5 2.4 286 5.8 97 
9 13.9 3.6 317 6.1 106 
9 19.8 7.6 427 10.4 80 
11 14 4.5 272 6.1 90 
13 17.1 3.8 190 7.7 96 
14 16.9 9.7 808 9.4 44 
15 10.8 3.5 394 8.9 83 
18 16.7 N/A N/A N/A N/A 
29 10.6 6.9 270 6.0 141 
36 9.3 6.7 363 10.8 88 
Mean: 12 (interval: 

2–35) 
15.0 (9.3–20) 4.8 (2.4–9.7) 350.1 (182–808) 7.5 (4.4–10.8) 90.0 (44–141)  

GSD I participants with hepatocellular adenomas (n = 9) 
11 15.9 2.0 475 6.4 102 
18 12.8 10.0 2000 N/A N/A 
20 21.6 6.3 550 7.3 61 
24 16.9 7.0 1026 7.3 60 
24 18.1 7.4 815 8.0 71 
30 15.9 5.8 717 7.4 80 
32 12.7 2.6 519 7.1 151 
38 15.6 8.4 352 10.7 45 
49 19.5 8.1 684 6.8 80 
Mean: 27 (interval: 

11–49) 16.6 (12.7–21.6) 6.4 (2.0–10.0) 793 (352–2000) 7.6 (6.4–10.7) 81.3 (45–151) 

Note: Table excluding subject #16 (post-liver transplant, age 35 yrs). RI; Reference Interval. N/A; not available. 
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fibrosis and/or cirrhosis, as compared to those with no evidence of 
advanced liver disease on imaging. Furthermore, the sensitivity of the 
biotinidase assay dropped from 98% to 59% in the subset of GSD III 
patients with evidence of advanced fibrosis/cirrhosis, compared to those 
without evidence of advanced liver disease. As we did not look for BTD 
gene variants that may influence biotinidase activity levels, the possi
bility of confounding effects of BTD variants that may reduce biotinidase 
enzymatic activity or limit increasing levels in some patients with GSD 
remains a limitation [11]. 

Hepatic adenomas with risk for malignant transformation can occur 
as early as puberty in patients with GSD I with poor metabolic control 
[23]. Hypertriglyceridemia is an important finding in GSD I, as chronic 
elevation with TG levels >499 mg/dL is a risk factor for hepatic ade
nomas [8]. In a recent study by Forny and colleagues (2021), five pa
tients with GSD Ia showed a significant positive correlation between 
biotinidase and triglycerides, attributed to the increased need for biotin 
as a cofactor to carboxylases, possibly due to deranged gluconeogenesis 
and fatty acid synthesis in GSD Ia. 

We observed a significant positive correlation between biotinidase 
activity and TGs. In addition, we report that biotinidase activity was 
higher in patients with GSD I, who had 3-MGA. Presence of 3-MGA was 
previously reported in a patient with GSD Ib; the cause of this finding 
was postulated to be due to alteration in the balance between lipid 
synthesis and gluconeogenesis, where 3-MGA correlated with elevated 
levels of Krebs cycle intermediates [20,24,25]. Interestingly, disturbed 
hepatic mitochondrial abnormalities involving the Krebs cycle have 
been previously described in a GSD I mouse model and human fibro
blasts [26,27]. 

In patients with GSD III, as children grow through adolescence and 
adulthood, the metabolic phenotype and liver enzymes appear to 
“deceivingly improve”, despite worsening muscle and liver disease on 
imaging and biopsy [2,6,28]; in approximately 15% of adult patients, 
severe hepatic manifestations are reported [29]. Notably, in our study, 
patients with GSD III showed lower biotinidase activity levels compared 
to those with GSD I. These trends were mostly observed in individuals 
with signs of advanced liver fibrosis and cirrhosis, suggesting that lower 
biotinidase activity in these subjects may be a marker of worsening liver 
disease pathology. We also observed a negative correlation between 
biotinidase activity and age. Thus, we speculate progressive changes 
that take place in the liver of subjects with advancing age may be 
causing lower biotinidase activity levels in this group. Of note, four 
participants with advanced liver disease and relatively lower biotinidase 
activity levels were in their third to fifth decades of life. Our findings 
corroborate a previously published report showing low biotinidase ac
tivity in individuals with GSD III with evidence of liver cirrhosis, 
attributing this to a biosynthetic hepatic dysfunction [14]. Taken 
together, these findings suggest that seemingly hepatomegaly and 
steatosis are associated with high biotinidase levels, similar to what is 
observed in patients with GSD I, while severe fibrosis and cirrhosis may 
lower levels of biotinidase activity. 

Recent report by Forny and colleagues (2021) of two patients with 
GSD Ia and GSD IV, using gene expression studies, showed increased 
levels of phosphoenolpyruvate carboxykinase (PEPCK) and fructose-1,6- 
bisphosphatase, indicating increased flux through the gluconeogenesis 
pathway; these patients were also noted to have increased biotin 

Table 3 
Biotinidase activity in individuals with GSD III (a, b) and the extent of liver 
involvement.  

Subjects 
GSD III (n 
= 20) 

Age (years) 
(interval: 
2–58 yrs) 

Biotinidase 
activity, 
average (U/L) 

Liver involvement 

GSD IIIa (n 
= 14)    

1 2 20.0 (n = 1) Ultrasound: hepatomegaly, 
steatosis 

2 3 12.5 (n = 1) N/A 
3 6 21.1 (n = 2) Ultrasound: hepatomegaly, 

steatosis 
4 8 12.6 (n = 3) Ultrasound: hepatomegaly 
5 10 8.5 (n = 2) Ultrasound: coarse liver, 

cirrhosis, steatosis 
6 10 9.1 (n = 3) Ultrasound: hepatomegaly, 

bridging fibrosis on biopsy 
7 10 17.7 (n = 1) Ultrasound: hepatomegaly, 

mild echogenicity 
8 13 13.8 (n = 1) Ultrasound: hepatomegaly, 

increased echogenicity 
9 16 15.8 (n = 2) MRI: hepatomegaly, steatosis, 

no focal findings 
10 16 19.2 (n = 1) Stage 3 (bridging fibrosis) 

on liver biopsy, coarse 
echogenicity on ultrasound 
with diffuse steatosis, fatty 
liver, type 2 diabetes 
mellitus (insulin requiring) 

11 35 14.7 (n = 2) MRI: hepatomegaly 
12 36 15.0 (n = 1) Stage 3 (bridging fibrosis), 

on liver biopsy, evidence of 
steatosis, coarse 
echogenicity on ultrasound 

13 38 10.6 (n = 4) Stage 4 (regenerative nodule 
formation, cirrhosis) on 
liver biopsy 

14 57 10.0 (n = 2) Stage 4 (regenerative nodule 
formation, cirrhosis) on 
liver biopsy  

GSD IIIb (n 
= 6)    

15 10 14.8 (n = 2) Ultrasound: liver normal 
16 11 12.0 (n = 1) CT abdomen: hepatomegaly 
17 17 11.5 (n = 1) CT abdomen: hepatomegaly 
18 41 12.8 (n = 4) Ultrasound: hepatomegaly 
19 47 5.7 (n = 3) Stage 4 MRI: cirrhosis, 

fibrosis, dysplastic nodule 
20 58 9.3 (n = 3) Stage 4 MRI: cirrhosis, 

fibrosis, steatosis 

Note: 8/20 subjects (shown as bold) had evidence of fibrosis/cirrhosis on im
aging and or liver biopsy. n, number of samples. N/A; not available. 

Fig. 1. Summary of biotinidase activities. Box and whiskers graphs showing 
median, minimum, and maximum for each group. Activities are reported as U/L 
for GSD I (n = 21), GSD III (n = 19), Controls (n = 62), and Pompe (n = 28). 
Significant differences were observed for both GSD I and GSD III versus controls 
(P < 0.0001) and GSD I versus GSD III (P < 0.01). The dashed line represents the 
upper limit of biotinidase activity in controls, 11 U/L (mean + 2SD). 
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dependent pyruvate and acetyl-CoA carboxylases, needed to provide 
substrates for gluconeogenesis and fatty acid synthesis [30]. Our find
ings of a relationship between biotinidase activity and triglycerides in a 
larger number of GSD I patient, and in patients with GSD III further 
corroborate the findings of Forny and colleagues. 

In conclusion, variations in levels of biotinidase activity in patients 
with hepatic GSDs may be a sign of metabolic (disturbed gluconeogen
esis and fatty acid synthesis) and pathological (advancing fibrosis and 
cirrhosis) processes that influence biotinidase activity levels. This vari
ability may reduce its use as a diagnostic biomarker, as it may become 
unreliable in conditions associated with advanced liver and/or kidney 
diseases. Thus, longitudinal monitoring of biotinidase levels may be 
beneficial to assess variation in biotinidase levels from baseline over 
time. It would also be interesting to assess the newer imaging tech
niques, like fibroscans or liver ultrasound with elastography, to see 
whether they are advantageous in patients with GSD compared to ul
trasound and MRI (standard of care), and if there was any association 

with biotinidase levels. The major limitation of this study is that it was a 
cross sectional observational and retrospective study, with no systematic 
longitudinal data collected. There is a need for prospective multi- 
centered longitudinal study designed to address the exact role of bio
tinidase activity levels in disease monitoring and measure disease 
outcomes. 
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