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In physiological glucose homeostasis, the liver plays a crucial role in the
extraction of glucose from the portal circulation and storage as glycogen to
enable release through glycogenolysis upon fasting. In addition, insulin secreted
by the pancreas is partly eliminated from the systemic circulation by hepatic first-
pass. Therefore, patients with a congenital porto-systemic shunt present a
unique combination of (a) postabsorptive hyperinsulinemic hypoglycaemia
(HH) because of decreased insulin elimination and (b) fasting (ketotic)
hypoglycaemia because of decreased glycogenolysis. Patients with porto-
systemic shunts therefore provide important insight into the role of the portal
circulation and hepatic function in different phases of glucose homeostasis.

KEYWORDS
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Introduction

The liver has multiple roles in endocrine physiology, which are increasingly recognized
(1). These roles include hormone synthesis (e.g. IGF-1), degradation (e.g. insulin or sex
steroids), precursor synthesis (e.g. cholesterol and lipoproteins for glucocorticoid
synthesis), and binding protein synthesis. In normal physiology, the liver receives 25%
of its afferent blood supply from the hepatic artery, and 75% from the portal vein (2).
Necessary endocrine metabolites enter the liver either by the portal vein or by the hepatic
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artery. In patients with a congenital portosystemic shunt (CPSS),
the liver is bypassed to varying degrees, leading to metabolite and
hormonal abnormalities, including hypoglycaemia,
hyperammonemia, increased blood bile acids, hypothyroidism
and hyperandrogenism, among others (3).

Although hypoglycaemia is a relatively common metabolic
abnormality in pediatrics, awareness of CPSS as an underlying
cause is low, as illustrated by the fact that CPSS was not a differential
diagnosis in a recent review of hypoglycaemia (4). Yet, patients with
CPSS are at risk for a unique combination of postabsorptive HH
and fasting (ketotic) hypoglycaemia.

Therefore, the primary aim of this manuscript is to summarize
the current knowledge of hypoglycaemia in CPSS patients, and the
secondary aim of this review is to go deeper into glucose
metabolism in CPSS, which in turn enhances our understanding
of the liver’s role in glucose and insulin physiology.

Case report

An 8-year-old child had experienced loss of consciousness after
a 15-hour fast during an infectious episode at 9 months of age.
Despite normal development and physical examination with no
organomegaly, a fasting test revealed hypoglycaemia of 2.6 mmol/L
(47 mg/dl) and ketones of 2.2 mmol/L. Glucose levels rose to 11.8
mmol/L (212 mg/dl) upon feeding, leading to suspicion of glycogen
storage disease type 0, which was ruled out through genetic testing.
An oral glucose tolerance test was performed to investigate the
response to feeding and test gluconeogenic and mitochondrial
function, revealing hypoglycaemia of 1.9 mmol/L (34 mg/dl) after
120 minutes with a peak glucose of 10.7 mmol/L (193 mg/dl).
Continuous glucose sensing showed regular nocturnal
hypoglycaemia, and treatment with twice daily corn starch in a
gradually increased amount improved wellbeing. Metabolic
analyses showed mildly increased ammonia (<100 umol/l) and
purines, but genetic investigation was non-contributory.
Untargeted metabolomics in a research setting revealed increased
bile salt concentrations together with hypoglycaemia and
hyperammonemia, leading to a diagnosis of CPSS, as was
confirmed by ultrasound imaging. Our experience with similar
cases has led to considering CPSS in the differential diagnosis of
unexplained hypoglycaemia.

Patients with CPSS
and hypoglycaemia

The first case of HH in CPSS was reported in 1984 by Gouin and
Duprey (5, 6). They described a 63-year-old woman with recurrent
malaise due to hypoglycaemic episodes, which was ultimately
attributed to a portosystemic shunt thought to be congenital in
origin. The patient’s glycoregulation showed impaired glucose
tolerance, followed by post-stimulatory hypoglycaemia with
persistent hyperinsulinemia. Since then, more than 10 cases have
been reported by various authors (3, 7-13). In many of these cases,
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hypoglycaemia was the presenting symptom. However, it is
currently unknown how many patients with CPSS suffer from
HH, as screening for hypoglycaemia is not standard in CPSS
patients. For instance, Sokollik et al. (14) did not report
hypoglycaemic episodes in their case series of 22 patients, while
Baiges et al. (15) did not find any abnormalities in glucose
homeostasis in a series of 66 adults with extra-hepatic CPSS.
Similarly, a small series of infants with intra-hepatic CPSS did not
mention HH. However, Xu et al. presented a neonatal cohort of 16
patients with CPSS, 40% of whom presented with hypoglycaemia as
a clinical symptom (9).

Glucose homeostasis

Ruderman (16) divided glucose homeostasis into five phases
starting from the moment of carbohydrate ingestion: absorptive,
post-absorptive, and early, intermediate, and prolonged starvation.
The first two phases are essential to understanding glucose
metabolism in the setting of CPSS.

In the absorptive phase, glucose and insulin are the most crucial
components. Digestive tract glucosidases process ingested
carbohydrates. The resulting monosaccharides are transported to
the liver via the portal circulation, where they enter hepatocytes
through insulin-mediated transport. Glycogen synthase initially
converts them into glycogen, and excessive carbohydrate
consumption leads to lipogenesis. Under normal conditions, one-
third of the glucose in the portal vein is taken up by the liver, and
the rest of it is delivered to the rest of the body through arterial
blood (17).

Insulin levels rise in response to elevated blood glucose and
regulate hepatic glucose uptake. In parallel, pancreatic beta-cells act
as glucose sensors, linking changes in arterial blood glucose
concentration to the rate of insulin secretion. Pre-proinsulin
processes to its mature form, generating c-peptide. Typically,
insulin production occurs in less than two hours. Roughly 75 to
95% of total insulin is stored within beta-cells at some distance from
the cell membrane, while a smaller part of the insulin is packed in
granules that are ready to go. This efficient organization likely
underlies the biphasic nature of glucose-evoked insulin secretion
that is seen in vitro, with a rapid first phase that lasts up to 10 min
followed by second phase (18).

The human pancreas secretes approximately 30 units of insulin
per day into the portal circulation. Insulin that enters the hepatic
sinusoid through the portal circulation accesses hepatocytes
through the fenestrated sinusoidal endothelium. It binds to the
insulin receptor and, after internalization, is degraded by insulin-
degrading enzymes. Normal hepatic insulin clearance is around 50-
80% of daily production (19). Peripheral insulin concentration
increases within 8-10 minutes after food ingestion, peaks at 30-45
minutes, and rapidly declines to baseline values by 90-120 minutes
postprandially (19, 20). Insulin’s primary action is to stimulate
glucose uptake and promote glycogen synthesis in the liver
and muscles.

When it was demonstrated that oral glucose intake results in a
greater and longer-lasting rise in plasma insulin compared to an
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intravenous administration of the same dose, scientists
hypothesized that there must be a gastro-intestinal factor
triggered by alimentary glucose. This was later termed the
incretin effect (21), with the two most important incretins being
Glucagon-like peptide 1 (GLP-1) and GIP, both of which
independently contribute to insulin release.

GLP-1 is produced as proglucagon and is primarily generated in
the entero-endocrine L cells that are found in the intestine,
especially in the distal ileum. The production of GLP-1 is
stimulated by the consumption of various nutrients, particularly
glucose and fat, as well as bile acids. The GLP-1 receptor is found in
numerous organs and stimulates insulin secretion in a glucose-
dependent manner. However, GLP-1 is rapidly degraded in vivo by
dipeptidyl peptidase-4 (DPP-4), an enzyme that is highly expressed
in the liver (22). DPP-4 is a crucial determinant in regulating the
biological activity of incretins. Thus, liver disease or bypass may
impact fasting glucose regulation both through diminished GLP-1
degradation and altered bile acid signaling given the partial
interruption in the enterohepatic circulation that occurs in
CPSS (23).

In the normal post-absorptive phase, insulin action is
suppressed when circulating glucose levels decrease, and the body
relies on endogenous glucose production (EGP). EGP first utilizes
glycogenolysis (second phase), followed by gluconeogenesis in early
starvation (third phase), fatty acid oxidation in intermediate
starvation (fourth phase), and ketogenesis and ketolysis after
prolonged starvation (fifth phase). A large portion of this
endogenously produced glucose is used to provide energy for the
brain. The ratio of brain weight to body weight is highest in young
children (24), and studies have shown that 3-4 year old children
have a glucose appearance rate that is approximately 3 times higher
(6-7 mg/kg/min) than in adults (25). As a result, liver glycogen
stores are depleted more quickly in children, which can result in the
formation of ketone bodies after a few hours of fasting (26),
indicating intermediate starvation after a brief period.

Glucagon plays a critical role in maintaining glucose
homeostasis in the post-absorptive phase (27). Its primary
secretory stimulus is a low plasma glucose concentration,
although other variables such as the stress related to trauma or
hypoxia may act as triggers (28). Pancreatic glucagon secretion
leads to a kinase-mediated release of glucose from stored glycogen.
Proglucagon processing leads to the production of GLP-1 and -2 in
intestinal L-cells, as well as the production of glucagon in pancreatic
alpha cells (29). Glucagon is transported through the portal
circulation to the liver, where it exerts its effects via a specific
extracellular receptor.

Glucose metabolism in CPSS

In CPSS patients, hepatic bypass can cause a rapid spike in
plasma glucose levels due to the postprandial entry of glucose into
the systemic circulation. This effect has been observed in OGTTs
and fasting tests, where patient glucose levels spiked significantly
(3). This spike in glucose levels is followed by hypoglycaemia,
occurring 90-120 minutes after carbohydrate-rich meals that are
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high in fast-acting carbohydrates and low in other macro-nutrients.
The increased insulin levels due to hepatic bypass are incompletely
degraded, leading to this hypoglycaemia. It is possible that a
decrease in GLP-1 breakdown might help mitigate this effect.
This HH might be considered one of the metabolic hallmarks
of CPSS.

Additionally, smaller children may be more vulnerable to
fasting-induced hypoglycaemia with ketone production, as hepatic
glycogenesis may be less efficient in this population. Possibly,
altered glucagon metabolism also contributes to a different
fasting ability.

It is important to note that the clinical picture of CPSS can be
diverse and may vary depending on the quantitative portal flow and
the presence of additional metabolites and pathways affected by
portocaval shunting, such as fatty acid oxidation and amino acid
metabolism, which are beyond the scope of this review. CPSS
patients can present a wide spectrum of relatively nonspecific
symptoms, signs and complications. These may occur throughout
life and include unexplained neurocognitive dysfunction and
behavioral problems, neonatal cholestasis, and galactosemia. Some
of these symptoms and signs are mimicking several rare inherited
metabolic disorders, in which a substrate shunt is caused by a
transporter or enzyme deficiency at a cellular level. Table 1
summarizes the key-features of four inherited metabolic disorders
in very different metabolic pathways, that display interesting
similarities and differences with CPSS. Both in these metabolic
patients and CPSS patients, the metabolic profile depends highly on
the timing of blood sampling with respect to the last meal.

Diagnosing hypoglycaemia in CPSS

Acute hypoglycaemia is a common pediatric metabolic
emergency with a wide range of possible causes. Rare conditions
like CPSS and inherited metabolic disorders are not always taken
into consideration in the differential diagnosis. Furthermore, the
definition of childhood hypoglycaemia is not always clear cut. The
normal range for fasting glucose levels is between 3.5 mmol/L and
5.5 mmol/L (63 mg/dL and 100 mg/dL) (30). Generally, for
neonates over 48 hours old, infants, and young children, a
glucose level below 3.3 mmol/L (60 mg/dL) is considered too low
(31). However, it is worth noting that healthy children between the
ages of 8 and 15 can occasionally have glucose levels < 3.3 mmol/L
or 60 mg/dL in 0.2% of the time on continuous glucose monitoring
(CGM), and < 3.9 mmol/L or 70 mg/dL in nearly 2% of the time
(32-34). The presence of Whipple’s triad (classical symptoms of
hypoglycaemia, symptoms at the time of a low blood glucose
concentration, and relief of symptoms after the increase of the
glucose level), when present, can be helpful in diagnosing
hypoglycaemia in older children (30).

It is essential to monitor patients at risk for hypoglycaemia,
especially in pre-school children, as they are vulnerable to the
consequences of hypoglycaemia on their developing central
nervous system. Patients with congenital hyperinsulinism are
known to be extremely susceptible to the effects of hypoglycaemia
on the brain because insulin also decreases the production of
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TABLE 1 Examples of metabolic diseases with molecular glucose shunting.

Glucose transporter 2

Hepatic glycogen synthase

Glutamate dehydrogenase

10.3389/fendo.2023.1190473

Transmembrane protein

deficiency deficiency superactivity 70 deficiency
Disease FBS (Fanconi-Bickel GSD-0a GLUD1 NME (Neonatal Mitochondrial
abbreviation Syndrome) Encephalopathy)
Gene SLC2A2 GYS2 GLUDI1 TMEM?70
OMIM # 227810 # 240600 # 606762 # 614052
Inheritance Autosomal recessive Autosomal recessive Autosomal dominant Autosomal recessive
Hepatocyte Cell membrane Cytosol Mitochondrial Mitochondrial
location
Clinical Hepatomegaly n -111 Hepatomegaly n Epilepsy, generalized + - ++ Cardiomyopathy, hypertrophic +
symptoms Renal tubulopathy, generalized =~ Hypoglycemia, fasting + Hyperinsulinism + - ++ Encephalopathy +
+ Seizures + Hypoglycemia + - ++ Failure to thrive +
Short stature n-+++ Hypoglycemia, hypoketotic + - ++ Hypotonia, muscular-axial +
Nefromegaly Leucine sensitivity causing Ketonuria, pronounced during
Reduced bone density hypoglycemia ++ crisis +
Rickets Lactic acidosis + - +
Thin limbs Metabolic acidosis + - +
Psychomotor delay + - +
Low birth weight
Facial dysmorphic features
Ataxia in those who survive
Intention tremor in those who
survive
Leukoencephalopathy
Biochemical Plasma glucose: Plasma glucose: Plasma glucose | Plasma amino acids: Ala 1-11, Cit
markers - Fed n-1 - Fedn -1 Serum free fatty acids | n -1, Glu n-1
- Fasted n-| - Fasted n -| Blood/plasma ammonia Plasma CK n -11
Plasma galactose + Plasma lactate: - Fasted 1 Plasma lactate Glucose 1-111
Plasma uric acid 1 - Fed n -1 Plasma/urine ketones | Blood ammonia n -11
Serum: Plasma ketones: Anion gap 1
- AST/ALT n -1 - Fasted n -1 Urine:
- Cholesterol n -1 Urine ketones: - 3-methylglutaconic acid 1-11
- Triglycerides n -1 - Fasted n -1 - Orotic acid n-1
-AFn -1 - Uric acid n-11
Urine:
- Glucose 1-111
- Calcium n -1
- Phosphate n -1
- Amino acids n -1

(n, normal; 1, mildly increased; 11, increased; 111, severely increased; |, decreased; +, sometimes present; +, often present; ++, always.

ketones, the alternative fuel for the brain (35, 36). This is further
illustrated by the high prevalence of neurocognitive dysfunction in
these patients (37). In patients with CPSS, the symptoms of
hypoglycaemia can be difficult to distinguish from symptoms
related to minimal hepatic encephalopathy in the presence of
elevated plasma ammonia, one of the other metabolic
characteristics of patients with CPSS.

Patients at risk for hypoglycaemia can be monitored using
frequent finger prick blood glucose testing, oral glucose tolerance
test, fasting test, or continuous glucose monitoring (CGM). CGM
use is rapidly expanding due to its continuous measurements and
relatively uninvasive nature. In patients with diabetes mellitus,
CGM is the standard of care. For the early recognition and
reduction of HH, CGM is also becoming increasingly established
(38). In rare or unexplained diseases with hypoglycaemia, CGM can
provide additional information, helping to determine the etiology
and to optimize treatment for the individual patient, as recently
reported for patients with hepatic glycogen storage disease (39).

Frontiers in Endocrinology

The oral glucose tolerance test with measurement of glucose
and insulin at every time point is most frequently used to establish
the diagnosis of hypoglycemia in CPSS (3, 7, 8, 10, 12), with a
typical pattern of postprandial hyperglycemia followed by
hypoglycemia (Figure 1). However, glucose and insulin are only
measured every 30 minutes during 2.5-3 hours after glucose
ingestion. CGM has the advantage of measuring glucose levels for
several days in daily life practice, providing a better understanding
of the fluctuations of glucose levels. This ultimately leads to a better
understanding of the disease and the optimization of management
for each individual patient.

Treatment of hypoglycaemia in CPSS

Symptomatic CPSS need to be closed either using an
endovascular or surgical approach. This has been documented to
resolve hypoglycaemia (10-13). Dietary management of
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Normal situation (glucose = white dot, insulin = purple dot, glycogen = yellow coin): (A) Post prandial. 1) Glucose is absorbed from the intestines
into the mesenteric veins. 2) Glucose is converted and stored as glycogen in the liver during the first pass effect. 3) Pancreatic beta cells detect the
increased glucose levels. 4) Pancreatic beta cells secrete insulin according to glucose levels. 5) Hepatic insulin metabolism reduces systemic insulin
levels. (B) During fasting. 1) Stored glycogen is converted to glucose and enters the bloodstream. 2) This mechanism prevents hypoglycemia during
fasting. CPSS (A) Post prandial glucose. 1) Glucose is absorbed from the intestines into the mesenteric veins. 2) Due to the porto-systemic shunt the
glucose partly bypasses the liver, 3) causing less glucose to be stored as glycogen in the liver 4) and a systemic hyperglycemia (purple warning sign).
5) Pancreatic beta cells detect the increased glucose levels. 6) Pancreatic beta cells excrete more insulin. 7) The insulin bypasses the hepatic
metabolism directly flowing into the systemic circulation 8) leading to systemic hyperinsulinemia. 9) Hyperinsulinemia results in a late hypoglycemia
in end-organs (yellow warning sign). (B) During fasting. 1) Due to reduced glycogen storage in the liver, significantly less glycogen can be converted
to glucose to enter the bloodstream 2) resulting in a hypoglycemia in end-organs (yellow warning sign).

hypoglycaemia can be considered in rare cases of contraindication
to closure or as a bridge to closure. Two studies have reported on
the management of HH related to CPSS (8, 11). The dietary
approach involves a diet low in simple carbohydrates and rich in
complex carbohydrates, with the prevention of longer fasting.
Specifically, the use of galactose-free milk and corn starch is
recommended (8). Drug treatment may consist of alpha-
glucosidase inhibitors or diazoxide, although only one patient
received diazoxide in the study of Weigert et al. (11).

Meals with slow-acting carbohydrates with a low glycemic
index may prevent insulin spiking in these patients. Adding ultra-
slow acting carbohydrates, such as corn starch or glycosade, to the
diet can help prevent extremely low glucose levels and
hypoglycaemia after a night of fasting. Corn starch therapy
should be initiated with small doses, gradually increased, and
carefully monitored, as the enzyme needed for intestinal digestion
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of cornstarch may not be fully present before 2 years of age. The
effects on glucose homeostasis, fasting tolerance, and symptoms
(including mood and growth) should be carefully balanced against
side effects, such as intestinal gas, bloating, and diarrhea.
Diazoxide is one of the most potent agonists of the K+ ATP
channels on the insulin-producing beta-cells of the pancreas. Its
activation reduces insulin secretion and theoretically, it could be
used to prevent hyperinsulinism and hypoglycaemia in CPSS
patients. However, it may further increase the high spikes in
glucose, potentially aggravating the fluctuations. There have been
some reports with variable effects on postprandial hypoglycaemia.
The main side effect is fluid retention, sometimes complicated by
hypertrichosis or pulmonary hypertension (PoPH). Given the
association between PoPH and CPSS, avoiding diazoxide seems
reasonable. Alpha-glucosidase inhibitors are another treatment
option, although their effectiveness in CPSS is not well established.
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Conclusions and perspectives

Congenital porto-systemic shunts are vascular anomalies that
can affect glucose and insulin metabolism, and are most typically
characterized by episodes of HH and variable fasting intolerance.
Despite their rarity, they should be considered as a potential cause
of hypoglycaemia and are easily diagnosed using Doppler
ultrasound. In patients diagnosed with CPSS we advise to screen
patients for hypoglycaemia with continuous glucose monitoring or
oral glucose tolerance testing with glucose and insulin at every time
point. Repeated hypoglycaemia during childhood can have serious
neurological and cognitive consequences, particularly if there is not
enough ketone production to compensate. Therefore, it is
recommended to evaluate glucose and ketone levels after fasting
and carbohydrate intake in these patients. Shunt closure is the
ultimate solution, but dietary management can also play a
significant role in stabilizing glucose levels as a bridge to closure
or in rare cases where shunt closure is contraindicated. The
intricacies underlying varying individual presentations and
tolerance to HH remain to be elucidated, as do the impact of
portosystemic bypass on other metabolic pathways involved in
buffering the stress of fasting.

Author contributions

MA, VM and HD drafted and corrected the manuscript PS
corrected the manuscript and provided clinical input TD
contributed the table and made additions to the manuscript from
the metabolic perspective SF provided clinical details from the case
and corrected the manuscript JJ performed and interpreted the

References

1. RhyuJ, Yu R. Newly discovered endocrine functions of the liver. World ] Hepatol
(2021) 13:1611-28. doi: 10.4254/wjh.v13.i11.1611

2. Eipel C, Abshagen K, Vollmar B. Regulation of hepatic blood flow: the hepatic
arterial buffer response revisited. World ] Gastroenterol (2010) 16:6046-57.
doi: 10.3748/wjg.v16.i48.6046

3. Bas S, Guran T, Atay Z, Haliloglu B, Abal1 S, Turan S, et al. Premature pubarche,
hyperinsulinemia and hypothyroxinemia: novel manifestations of congenital
portosystemic shunts (Abernethy malformation) in children. Horm Res Paediatr
(2015) 83:282-7. doi: 10.1159/000369395

4. Casertano A, Rossi A, Fecarotta S, Rosanio FM, Moracas C, Di Candia F, et al. An
overview of hypoglycemia in children including a comprehensive practical diagnostic
flowchart for clinical use. Front Endocrinol (Lausanne) (2021) 12:684011. doi: 10.3389/
fendo.2021.684011

5. Gouin B, Le Gal J, Duprey ], Sanson ]. Congenital intrahepatic portacaval
anastomosis: analysis of manifested glucose abnorMalities. Gastroenterol Clin Biol
(1984) 8:464-8.

6. Duprey ], Gouin B, Benazet MF, Le Gal J. Glucose intolerance and post-
stimulatory hypoglycemia secondary to a probably congenital intrahepatic portacaval
anastomosis. Ann Med Interne (Paris) (1985) 136:655-8.

7. Satoh M, Yokoya S, Hachiya Y, Hachiya M, Fujisawa T, Hoshino K, et al. Two
hyperandrogenic adolescent girls with congenital portosystemic shunt. Eur | Pediatr
(2001) 160:307-11. doi: 10.1007/s004310000539

8. Yoshii K, Noda M, Naiki Y, Horikawa R. Portosystemic shunt as a cause of
congenital hyperinsulinemic hypoglycemia. Pediatr Int (2017) 59:512-4. doi: 10.1111/
ped.13245

Frontiers in Endocrinology

10.3389/fendo.2023.1190473

metabolomic data and provided specific knowledge in the
metabolomics field. All authors contributed to the article and
approved the submitted version.

Funding

The International Registry of Congenital Porto-systemic Shunts
(IRCPSS) is supported by ESPGHAN and EASL. The Meeting of
Experts held in Geneva, Switzerland, in July 2022, where the idea of
this paper was born, was supported by ESPGHAN, the EJP RD NSS,
and SASL.

Conflict of interest

VM consults for Mirum Pharmaceuticals, Albireo,
and AstraZeneca.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

9. Xu S, Zhang P, Hu L, Zhou W, Cheng G. Case report: clinical features of
congenital portosystemic shunts in the neonatal period. Front Pediatr (2021) 9:778791.
doi: 10.3389/fped.2021.778791

10. Senniappan S, Pitt K, Shah P, Arya V, Jaiswal S, Haddad M, et al. Postprandial
hyperinsulinaemic hypoglycaemia secondary to a congenital portosystemic shunt.
Horm Res Paediatr (2015) 83:217-20. doi: 10.1159/000369014

11. Weigert A, Bierwolf ], Reutter H, Gembruch U, Woelfle ], Ganschow R, et al.
Congenital intrahepatic portocaval shunts and hypoglycemia due to secondary
hyperinsulinism: a case report and review of the literature. ] Med Case Rep (2018)
12:336. doi: 10.1186/s13256-018-1881-y

12. Timpanaro T, Passanisi S, Sauna A, Trombatore C, Pennisi M, Petrillo G, et al.
Congenital portosystemic shunt: our experience. Case Rep Pediatr (2015) 2015:691618.
doi: 10.1155/2015/691618

13. Ghasemi-Rad M, Smuclovisky E, Cleveland H, Hernandez JA. Endovascular
treatment of a portosystemic shunt presenting with hypoglycemia; case presentation
and review of literature. Clin Imaging (2022) 83:131-7. doi: 10.1016/
j.clinimag.2021.12.020

14. Sokollik C, Bandsma RH]J, Gana JC, van den Heuvel M, Ling SC. Congenital
portosystemic shunt: characterization of a multisystem disease. J Pediatr Gastroenterol
Nutr (2013) 56:675-81. doi: 10.1097/MPG.0b013¢31828b3750

15. Baiges A, Turon F, Simon-Talero M, Tasayco S, Bueno J, Zekrini K, et al.
Congenital extrahepatic portosystemic shunts (Abernethy malformation): an
international observational study. Hepatology (2020) 71:658-69. doi: 10.1002/
hep.30817

16. Ruderman NB. Muscle amino acid metabolism and gluconeogenesis. Annu Rev
Med (1975) 26:245-58. doi: 10.1146/annurev.me.26.020175.001333

frontiersin.org


https://doi.org/10.4254/wjh.v13.i11.1611
https://doi.org/10.3748/wjg.v16.i48.6046
https://doi.org/10.1159/000369395
https://doi.org/10.3389/fendo.2021.684011
https://doi.org/10.3389/fendo.2021.684011
https://doi.org/10.1007/s004310000539
https://doi.org/10.1111/ped.13245
https://doi.org/10.1111/ped.13245
https://doi.org/10.3389/fped.2021.778791
https://doi.org/10.1159/000369014
https://doi.org/10.1186/s13256-018-1881-y
https://doi.org/10.1155/2015/691618
https://doi.org/10.1016/j.clinimag.2021.12.020
https://doi.org/10.1016/j.clinimag.2021.12.020
https://doi.org/10.1097/MPG.0b013e31828b3750
https://doi.org/10.1002/hep.30817
https://doi.org/10.1002/hep.30817
https://doi.org/10.1146/annurev.me.26.020175.001333
https://doi.org/10.3389/fendo.2023.1190473
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

van Albada et al.

17. Tokarz VL, MacDonald PE, Klip A. The cell biology of systemic insulin function.
J Cell Biol (2018) 217:2273-89. doi: 10.1083/jcb.201802095

18. Wang Z, Thurmond DC. Mechanisms of biphasic insulin-granule exocytosis -
roles of the cytoskeleton, small GTPases and SNARE proteins. ] Cell Sci (2009)
122:893-903. doi: 10.1242/jcs.034355

19. Bergman RN, Kabir M, Ader M. The Physiology of Insulin Clearance. Int ] Mol
Sci (2022) 23(3):1826. doi: 10.3390/ijms23031826

20. Najjar SM, Perdomo G. Hepatic insulin clearance: mechanism and physiology.
Physiol (Bethesda) (2019) 34:198-215. doi: 10.1152/physiol.00048.2018

21. Creutzfeldt W. The [pre-] history of the incretin concept. Regul Pept (2005)
128:87-91. doi: 10.1016/j.regpep.2004.08.004

22. Mentlein R, Gallwitz B, Schmidt WE. Dipeptidyl-peptidase IV hydrolyses gastric
inhibitory polypeptide, glucagon-like peptide-1(7-36)amide, peptide histidine
methionine and is responsible for their degradation in human serum. Eur ] Biochem
(1993) 214:829-35. doi: 10.1111/j.1432-1033.1993.tb17986.x

23. Itou M, Kawaguchi T, Taniguchi E, Sata M. Dipeptidyl peptidase-4: a key player
in chronic liver disease. World ] Gastroenterol (2013) 19:2298-306. doi: 10.3748/
Wig.v19.i15.2298

24. Bier DM, Leake RD, Haymond MW, Arnold K], Gruenke LD, Sperling MA,
et al. Measurement of “true” glucose production rates in infancy and childhood with
6,6-dideuteroglucose. Diabetes (1977) 26:1016-23. doi: 10.2337/diab.26.11.1016

25. Huidekoper HH, Ackermans MT, Ruiter AFC, Sauerwein HP, Wijburg FA.
Endogenous glucose production from infancy to adulthood: a non-linear regression
model. Arch Dis Child (2014) 99:1098-102. doi: 10.1136/archdischild-2013-305718

26. Neville KA, Sandeman DJ, Rubinstein A, Henry GM, McGlynn M, Walker JL.
Prevention of hyponatremia during maintenance intravenous fluid administration: a
prospective randomized study of fluid type versus fluid rate. J Pediatr (2010) 156:313—
9.e1-2. doi: 10.1016/j.jpeds.2009.07.059

27. Habegger KM, Heppner KM, Geary N, Bartness TJ, DiMarchi R, Tschop MH.
The metabolic actions of glucagon revisited. Nat Rev Endocrinol (2010) 6:689-97.
doi: 10.1038/nrendo0.2010.187

28. Bloom SR, Edwards AV, Hardy RN. The role of the autonomic nervous system
in the control of glucagon, insulin and pancreatic polypeptide release from the
pancreas. ] Physiol (1978) 280:9-23. doi: 10.1113/jphysiol.1978.sp012369

Frontiers in Endocrinology

07

10.3389/fendo.2023.1190473

29. Rouillé Y, Westermark G, Martin SK, Steiner DF. Proglucagon is processed to
glucagon by prohormone convertase PC2 in alpha TC1-6 cells. Proc Natl Acad Sci
U.S.A. (1994) 91:3242-6. doi: 10.1073/pnas.91.8.3242

30. Giiemes M, Rahman SA, Hussain K. What is a normal blood glucose? Arch Dis
Child (2016) 101:569-74. doi: 10.1136/archdischild-2015-308336

31. Harris DL, Weston PJ, Harding JE. Feeding patterns of healthy term newborns
in the first 5 days-the glucose in well babies study (GLOW). ] Hum Lact (2022) 38:661—
9. doi: 10.1177/08903344221087605

32. Shah VN, DuBose SN, Li Z, Beck RW, Peters AL, Weinstock RS, et al.
Continuous glucose monitoring profiles in healthy nondiabetic participants: A
multicenter prospective study. J Clin Endocrinol Metab (2019) 104:4356-64.
doi: 10.1210/jc.2018-02763

33. DuBose SN, Kanapka LG, Bradfield B, Sooy M, Beck RW, Steck AK. Continuous
glucose monitoring profiles in healthy, nondiabetic young children. ] Endocr Soc (2022)
6:bvac060. doi: 10.1210/jendso/bvac060

34. Juvenile Diabetes Research Foundation Continuous Glucose Monitoring Study
Group, Fox LA, Beck RW, Xing D. Variation of interstitial glucose measurements
assessed by continuous glucose monitors in healthy, nondiabetic individuals. Diabetes
Care (2010) 33:1297-9. doi: 10.2337/dc09-1971

35. De Angelis LC, Brigati G, Polleri G, Malova M, Parodi A, Minghetti D, et al.
Neonatal hypoglycemia and brain vulnerability. Front Endocrinol (Lausanne) (2021)
12:634305. doi: 10.3389/fendo.2021.634305

36. Fong CY, Harvey AS. Variable outcome for epilepsy after neonatal
hypoglycaemia. Dev Med Child Neurol (2014) 56:1093-9. doi: 10.1111/dmcn.12496

37. Ludwig A, Enke S, Heindorf J, Empting S, Meissner T, Mohnike K. Formal
neurocognitive testing in 60 patients with congenital hyperinsulinism. Horm Res
Paediatr (2018) 89:1-6. doi: 10.1159/000481774

38. Worth C, Tropeano Y, Gokul PR, Cosgrove KE, Salomon-Estebanez M,
Senniappan S, et al. Insight into hypoglycemia frequency in congenital
hyperinsulinism: evaluation of a large UK CGM dataset. BMJ Open Diabetes Res
Care (2022) 10(3):e002849. doi: 10.1136/bmjdrc-2022-002849

39. Peeks F, Hoogeveen IJ, Feldbrugge RL, Burghard R, de Boer F, Fokkert-Wilts MJ,
et al. A retrospective in-depth analysis of continuous glucose monitoring datasets for
patients with hepatic glycogen storage disease: Recommended outcome parameters for
glucose management. ] Inherit Metab Dis (2021) 44:1136-50. doi: 10.1002/jimd.12383

frontiersin.org


https://doi.org/10.1083/jcb.201802095
https://doi.org/10.1242/jcs.034355
https://doi.org/10.3390/ijms23031826
https://doi.org/10.1152/physiol.00048.2018
https://doi.org/10.1016/j.regpep.2004.08.004
https://doi.org/10.1111/j.1432-1033.1993.tb17986.x
https://doi.org/10.3748/wjg.v19.i15.2298
https://doi.org/10.3748/wjg.v19.i15.2298
https://doi.org/10.2337/diab.26.11.1016
https://doi.org/10.1136/archdischild-2013-305718
https://doi.org/10.1016/j.jpeds.2009.07.059
https://doi.org/10.1038/nrendo.2010.187
https://doi.org/10.1113/jphysiol.1978.sp012369
https://doi.org/10.1073/pnas.91.8.3242
https://doi.org/10.1136/archdischild-2015-308336
https://doi.org/10.1177/08903344221087605
https://doi.org/10.1210/jc.2018-02763
https://doi.org/10.1210/jendso/bvac060
https://doi.org/10.2337/dc09-1971
https://doi.org/10.3389/fendo.2021.634305
https://doi.org/10.1111/dmcn.12496
https://doi.org/10.1159/000481774
https://doi.org/10.1136/bmjdrc-2022-002849
https://doi.org/10.1002/jimd.12383
https://doi.org/10.3389/fendo.2023.1190473
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Abnormal glucose homeostasis and fasting intolerance in patients with congenital porto-systemic shunts
	Introduction
	Case report
	Patients with CPSS and hypoglycaemia
	Glucose homeostasis
	Glucose metabolism in CPSS
	Diagnosing hypoglycaemia in CPSS
	Treatment of hypoglycaemia in CPSS
	Conclusions and perspectives
	Author contributions
	Funding
	References



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

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


