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Abstract
Background Hypoglycemia is an increasingly recognized complication of bariatric surgery. Mechanisms contributing to glucose
lowering remain incompletely understood. We aimed to identify differentially abundant plasma proteins in patients with post-
bariatric hypoglycemia (PBH) after Roux-en-Y gastric bypass (RYGB), compared to asymptomatic post-RYGB.
Methods Proteomic analysis of blood samples collected after overnight fast and mixed meal challenge in individuals with PBH,
asymptomatic RYGB, severe obesity, or overweight recruited from outpatient hypoglycemia or bariatric clinics.
Results The top-ranking differentially abundant protein at 120 min after mixed meal was fibroblast growth factor 19 (FGF-19),
an intestinally derived hormone regulated by bile acid-FXR signaling; levels were 2.4-fold higher in PBH vs. asymptomatic post-
RYGB (mean + SEM, 1094 ± 141 vs. 428 ± 45, P < 0.001, FDR < 0.01). FGF-19 ELISA confirmed 3.5-fold higher concentra-
tions in PBH versus asymptomatic (360 ± 70 vs. 103 ± 18, P = 0.025). To explore potential links between increased FGF-19 and
GLP-1, residual samples from other human studies in which GLP-1 was modulated were assayed. FGF-19 levels did not change
in response to infusion of GLP-1 and PYYin overweight/obese individuals. Infusion of the GLP-1 receptor antagonist exendin 9–
39 in recently operated asymptomatic post-RYGB did not alter FGF-19 levels after mixed meal. By contrast, GLP-1 receptor
antagonist infusion yielded a significant increase in FGF-19 levels after oral glucose in individuals with PBH. While plasma bile
acids did not differ between PBH and asymptomatic post-RYGB, these data suggest unique interrelationships between GLP-1
and FGF-19 in PBH.
Conclusions Taken together, these data support FGF-19 as a potential contributor to insulin-independent pathways driving
postprandial hypoglycemia in PBH.
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Introduction

Bariatric surgery is a powerful therapeutic approach for obe-
sity and type 2 diabetes, yielding rapid postoperative improve-
ments in glucose levels and allowing reduction in medications
needed for diabetes, even before significant weight loss occurs
[1–4]. One increasingly recognized complication of bariatric
surgery is hypoglycemia, occurring after both Roux-en-Y gas-
tric bypass (RYGB) and vertical sleeve gastrectomy [5, 6].
Post-bariatric hypoglycemia (PBH) can be strictly defined
by hypoglycemia with neuroglycopenia, typically occurring
1 to 3 h after meals [7]. The etiology of PBH has not been
fully elucidated, but both insulin-dependent and insulin-
independent mechanisms may contribute. Insulin levels are
inappropriately high at the time of hypoglycemia, potentially
related to higher incretin hormones (including GLP-1) [7, 8],
altered β cell glucose sensitivity [9], and reduced insulin
clearance [7, 10]. Moreover, insulin-independent glucose up-
take is increased in patients with PBH [11].

The goal of this study was to identify novel proteins which
could contribute to hypoglycemia in patients with PBH. We
analyzed the plasma proteome in samples collected in the
fasting state and following mixed meal in individuals with
PBH compared to asymptomatic post-RYGB and non-
surgical individuals. We identified FGF-19 (Fgf-15 in
rodents) as the most differentially regulated plasma protein
in PBH.

Materials and Methods

Participants

The Joslin Diabetes Center Committee on Human Studies, the
regional ethical committee of the capital region in Denmark,
and Stanford University Institutional Review Board approved
the study. Written informed consent was obtained from all
participants.

Primary Analysis Cohort

For the index population, participants were recruited in four
groups, and those with residual specimens available were in-
cluded in this analysis: (A) 11 individuals who had undergone
RYGB and presented with hypoglycemia (PBH), defined as
documented severe hypoglycemia with neuroglycopenia (al-
teredmental status requiring assistance, with or without seizure);
(B) seven subjects who had undergone uncomplicated RYGB
and denied hypoglycemic symptoms (Basymptomatic^); (C)
three overweight subjects recruited from newspaper ad-
vertisement; and (D) four severely obese individuals be-
ing evaluated for bariatric surgery, recruited from local
clinics, as previously described [11]. All subjects were

weight stable for 6 months. Exclusion criteria included
history of diabetes or other systemic illness, pregnancy,
and use of medications affecting insulin sensitivity;
overweight and severely obese subjects underwent a 2-
h 75-g oral glucose tolerance test to confirm absence of
diabetes [12].

After an overnight (> 8 h) fast, a liquid mixed meal
(Ensure, 40 g carbohydrate, 9 g protein, 6 g fat, 240 mL;
Abbott Laboratories, Abbott Park, IL) was consumed by par-
ticipants in all four groups over 5 min. Dumping score was
calculated using pre/post-meal pulse and hematocrit [12].
Blood samples collected before and at 30 and 120 min were
used for proteomics analysis, the primary aim of this study.

Cohorts for Secondary Analyses

Detailed description of the prior clinical studies [8, 13, 14]
which generated residual samples for secondary analysis in
the present study are provided in Supplemental Methods.

Proteomics Analysis

Serum collected at baseline (fasting) and at 30 and 120 min
following the mixed meal in the index population [7, 11] was
utilized for proteomics analysis using SOMAscan, an
aptamer-based approach to quantify 1129 proteins
(SomaLogic, Inc., Boulder, CO) [15]. Each protein analyte
is represented by a unique affinity-binding aptamer reagent.
Serum samples are bound, washed, and hybridized to comple-
mentary sequences on a custom Agilent array; fluorescence
intensity is related to protein quantity in the original sample.
One of the 11 individuals with PBH and one of four severely
obese individuals had analysis performed only at baseline and
30 min due to limited sample volume.

Additional Assays

Fasting glucose, cholesterol, HDL, triglycerides, and free fatty
acids were measured by the clinical laboratory (Synchron
CX3 and CX9; Beckman Coulter, Brea, CA), with hemoglo-
bin A1c determined by HPLC (Tosoh 2.2; Tosoh Bioscience,
San Francisco, CA) [7]. Immunoassays were performed in
duplicate by commercial assay, including RIA for insulin
(Diagnostic Systems Laboratories, Webster, TX). Serum
FGF-19 was assayed by ELISA (FGF-19 Quantikine®
DF1900; R&D Systems, Minneapolis, MN, USA, standard
curve range 1.6–997 pg/mL). Fasting serum bile acids and
their taurine (T) and glycine (G) conjugates were analyzed
using HPLC tandem mass spectrometry and quantified using
deuterium-labeled internal standards [16] in nine asymptom-
atic post-RYGB [17] and 10 PBH participants (data not pre-
viously reported).
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Statistical Analysis

Data are presented as mean ± standard error of the mean.
Comparisons among groups and linear associations between
variables were analyzed using ANOVA/general linear model
for continuous variables, with post hoc t tests using Tukey’s
adjustment for multiple comparisons, or chi-square tests or
Fisher’s exact test for comparison of proportions (GraphPad
Prism, version 7.00 for Windows). Two-tailed P < 0.05 was
considered significant. For SomaLogic data, differential ex-
pression analysis used the Bayesian linear modeling package
limma [18], with correction for multiple testing using the false
discovery rate (FDR); volcano plots were generated using
ggplot2, all in R [19].

For paired samples, significance was assessed using repeat-
ed measures, two-way ANOVA, and Sidak’s correction for
multiple comparisons (GraphPad). Linear mixed effects
modeling of the influences on FGF-19 over time was per-
formed on log-transformed FGF-19 data (PROC MIXED) in
SAS v9.4 (2012 SAS Institute Inc., Cary, NC, USA).

Results

Clinical characteristics of the 25 individuals analyzed are pro-
vided in Table 1. Participants in all groups were of similar age.
Sex distribution differed, with more women in the PBH group
(P < 0.001). Current BMI and waist circumference were lower
in post-RYGB vs. non-surgical groups (ANOVA P < 0.0001).
Preoperative BMI and change in BMI (current minus preop-
erative) did not differ between PBH and asymptomatic.
Hemoglobin A1c did not differ in any groups; insulin resis-
tance (HOMA-IR), was significantly lower in both post-
RYGB groups (ANOVA P < 0.0001).

Fasting plasma glucose was significantly lower in both
post-RYGB groups (ANOVA P = 0.01, Table 1). Individuals
with PBH had higher peak glucose (9.21 ± 0.94 mmol/L)
compared to asymptomatic (7.66 ± 0.39 mmol/L), severely
obese (6.83 ± 0.44 mmol/L), and overweight (7.71 ±
0.78 mmol/L) groups (ANOVA P = 0.02, Supplemental
Fig. 1). Nadir glucose was lower in post-RYGB (PBH 4.27
± 0.22; asymptomatic 3.94 ± 0.11 mmol/L) versus non-
surgical groups (overweight 5.49 ± 0.22; severely obese
5.27 ± 0.33 mmol/L, ANOVA P < 0.001).

SOMAscan analysis of 1129 proteins revealed 17 differen-
tially abundant proteins at all three time points in PBH as
compared with asymptomatic individuals, including three
with higher levels in PBH and 14 with lower (nominal
P < 0.05, Supplemental Table 1).

Since hypoglycemia in patients with PBH typically occurs
2–3 h after meals, we focused on those proteins altered at
120 min after mixed meal (Fig. 1, Supplemental Table 1).
The protein with the greatest differential abundance between

PBH and asymptomatic groups at 120 min was FGF-19,
which was 2.4-fold higher in those with PBH (1094 ± 141
versus 428 ± 45 SOMAmer units; P < 1 × 10−5, FDR 0.01).
FGF-19 was also significantly higher in PBH in the fasting
state (487 ± 31 vs. 347 ± 25 SOMAmer units, P= 0.02) and at
30 min (540 ± 48 vs. 364 ± 25 SOMAmer units, P = 0.01)
(Fig. 2a). Differences in FGF-19 were validated by ELISA,
with 3.5-fold higher FGF-19 in PBH compared to asymptom-
atic post-RYGB at 120 min (360 ± 70 versus 103 ± 18 pg/mL,
P < 0.05) (Fig. 2b). Differences remained after adjustment for
sex.

Plasma FGF-19 levels did not correlate with age, BMI,
surgical weight loss, postoperative duration, or dumping score
(Supplemental Table 2). Interestingly, peak insulin levels at
30 min correlated positively with FGF-19 levels at 120 min
in the combined post-RYGB group (r = 0.59, P = 0.01); this
relationship was driven by participants with PBH (r = 0.71,
P = 0.02) (Fig. 3), and was not significant in asymptomatic
group (r = 0.35, P = 0.44).

Multivariable modeling was performed in the combined
post-RYGB group to assess the relationship between candi-
date predictors and FGF-19. Predictors were systematically
added and were retained if significant (P < 0.05) or inclusion
caused > 15% change in estimated effect of a predictor already
in the model. Modeling revealed significant differences in
FGF-19 between PBH and asymptomatic groups (P < 0.01)
and within both groups over time (P < 0.01), with a different
relationship of FGF-19 to time (group by time interaction, P =
0.01). HOMA-IR, glucose and insulin, BMI, post-surgery
change in BMI, lipids, dumping score, and pulse had no sig-
nificant relationship with FGF-19 in this model.

Since bile acids can activate FXR transcriptional activity
and promote enterocyte FGF-19 secretion [20–22], we
assessed fasting plasma bile acids in PBH (n = 14) and asymp-
tomatic post-RYGB (n = 9). Total bile acids did not differ
between groups (PBH, 9.6 ± 1.1 versus asymptomatic, 8.5 ±
1.5 μmol/L, P = 0.55) (Supplemental Fig. 2A). Moreover, the
proportion of hydrophobic bile acids, previously linked to
FXR agonist activity [20–22], did not differ between PBH
and asymptomatic (82 ± 3 versus 79 ± 3%, P = 0.49)
(Supplemental Fig. 2B/C).

Since increased GLP-1 contributes to PBH pathophysiolo-
gy [8, 23, 24], we hypothesized that differences in FGF-19
might be mediated by increased GLP-1 or other incretins. We
tested this by measuring FGF-19 levels in residual specimens
from three additional studies in distinct populations in which
GLP-1 was directly modulated (Supplemental Methods).
First, we observed no impact of infusion of a mixture of
GLP-1 and PYY3–36, as compared with placebo, on FGF-19
levels in overweight or obese men (mean BMI 29 + 3) (P =
0.300; ANOVA for time and treatment P = 0.002 and P =
0.11, respectively) [13] (Supplemental Fig. 3A). Secondly,
to determine whether unique relationships between GLP-1
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Table 1 Characteristics (mean ± standard error of mean) of study
groups, including non-surgical controls (overweight and severely obese)
as well as post-bypass individuals without symptomatic hypoglycemia
(asymptomatic post-RYGB) or with PBH (neuroglycopenia post-
RYGB). Cholesterol (Chol), blood pressure (BP), glycosylated
hemoglobin (Hemoglobin A1c), homoeostasis model assessment–

estimated insulin resistance (HOMA-IR), not applicable (na),
preoperative (Preop), triglycerides (TG). Letters designate P < 0.05 for
the following comparisons: A (severely obese vs overweight); B
(severely obese vs asymptomatic post-RYGB); C (severely obese vs
PBH); D (overweight vs asymptomatic); E (overweight vs PBH)

Non-surgical controls Post-surgical P value

Overweight Severely obese Asymptomatic post-RYGB Post-bariatric hypoglycemia

Age (yr) 49 ± 1 46 ± 6 50 ± 4 43 ± 3 0.50

Gender (M/F) (3/0) (0/4) (3/4) (0/11) < 0.001

Preop BMI (kg/m2) na na 44.3 ± 2.4 47.5 ± 3.9 0.51

Current BMI (kg/m2) 35.1 ± 2.1 50.6 ± 3.3 29.0 ± 2.2 29.7 ± 1.4 < 0.0001 (A, B, C)

Delta BMI na na − 15.3 ± 1.4 − 18.0 ± 3.1 0.47

Waist (cm) 110 ± 9 145 ± 11 94 ± 7 92 ± 2 < 0.0001 (A,B,C)

Systolic BP (mmHg) 123 ± 1 125 ± 7 126 ± 4 116 ± 3 0.25

Diastolic BP (mmHg) 77 ± 3 75 ± 4 76 ± 4 70 ± 2 0.27

Hemoglobin A1c
(mmol/mol) (%)

37 5.6 ± 3 0.2 355.4 ± 20.2 385.6 ± 20.2 365.5 ± 10.1 0.66

HOMA-IR 4.3 ± 1 6.8 ± 1.1 1.2 ± 0.3 1.0 ± 0.1 < 0.0001 (A, B, C, D, E)

Fasting glucose (mmol/L) 5.4 ± 0.3 5.2 ± 0.2 4.1 ± 0.2 4.7 ± 0.2 0.015 (B, D)

Peak glucose (mmol/L) 7.7 ± 0.8 6.8 ± 0.4 7.7 ± 0.4 9.2 ± 0.9 0.22

Nadir glucose (mmol/L) 5.5 ± 0.2 5.3 ± 0.3 3.9 ± 0.1 4.3 ± 0.2 < 0.001 (B, C, D, E)

Chol (mmol/L) 5.0 ± 0.1 4.9 ± 0.5 4.3 ± 0.3 4.4 ± 0.3 0.56

TG (mmol/L) 2.7 ± 1.0 1.6 ± 0.4 0.9 ± 0.1 0.8 ± 0.1 0.002 (D, E)

HDL (mmol/L) 0.8 ± 0.1 1.0 ± 0.1 1.7 ± 0.3 1.6 ± 0.1 0.007 (B, D)

Dumping score (%) − 15.4 ± 18 − 5.3 ± 13.6 67.5 ± 21.1 80.3 ± 14.9 0.006 (C, E)

Fig. 1 Volcano plot of plasma
proteomic data derived from
blood samples collected at
120 min following mixed meal
tolerance test. X-axis present log2
of ratio of protein content in PBH
vs. asymptomatic post-RYGB,
with proteins upregulated in PBH
plotted to the right and proteins
downregulated plotted to the left;
y-axis indicates —log10 P value
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and FGF-19 might be present post-RYGB, we assessed the
impact of the GLP-1 receptor antagonist Ex-9 on FGF-19
levels in 10 participants with recent (< 1 year) RYGB, without
hypoglycemia [14]. There was no significant difference in

FGF-19 levels at baseline or after mixed meal between Ex-
9- and placebo-treated participants (ANOVA for time and
t rea tment P = 0.053 and P = 0.60 , respec t ive ly )
(Supplemental Fig. 3B). Thirdly, we assessed the impact of
Ex-9 on FGF-19 in PBH, given the possibility of interactions
unique to this syndrome [8] (Fig. 4). Consistent with Ex-9
efficacy, peak post-meal insulin was lower with Ex-9 vs pla-
cebo (500 ± 139 vs 1493 ± 222 pmol/L, P < 0.001), and nadir
glucose was higher (5.72 ± 0.33 vs 3.22 ± 0.33 mmol/L, P =
0.003). On both placebo and Ex-9 infusion days, plasma FGF-
19 levels increased after oral glucose (placebo 51 ± 10 to 251
± 45 ng/mL; Ex-9 151 ± 38 to 530 ± 54 ng/mL) (ANOVA for
time, treatment, and their interaction: P < 0.001, P = 0.02, and
P = 0.051, respectively) (Fig. 4), a pattern similar to the re-
sponse after mixed meal in the primary cohort. However, in
contrast to the lack of effect of Ex-9 in the asymptomatic early
surgical cohort, infusion of Ex-9 in this PBH population re-
sulted in highermean FGF-19 levels at 90 and 120 min versus
placebo (P = 0.001 and P = 0.018, respectively).

Discussion

We report the first proteomic analysis of plasma from patients
with post-bariatric hypoglycemia, in comparison to
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asymptomatic post-RYGB individuals, and non-bariatric con-
trols. The protein with the highest magnitude difference was
the intestinally derived hormone FGF-19; FGF-19 was in-
creased at all time points and 2.4-fold higher in PBH com-
pared to asymptomatic at 120 min after mixed meal.

Increased FGF-19 in PBH is of particular interest as a can-
didate mediator of this syndrome, as FGF-19 (Fgf 15 in ro-
dents) is secreted, largely by ileal enterocytes, in response to
bile acid activation of the nuclear receptor FXR [25]. FGF-19
acts via hepatic FGFR4 receptors to inhibit Cyp7A1, the rate-
limiting step of bile acid synthesis. Thus, this FXR-FGF-19
feedback loop can effectively sense and regulate bile acid
homeostasis.

More recently, FGF-19 has been identified as a potent reg-
ulator of glucose and energy metabolism. Experimental in-
creases in FGF-19 in rodents, either via injection or transgenic
expression, results in lower glucose and improved glucose
tolerance in both lean and obese mice, despite lower insulin
levels [26–29]. Improved glucose metabolism may result in
part from FGF-19 effects to reduce adiposity, increase brown
adipose tissue, and increase energy expenditure [27]. FGF-19
also increases glucose effectiveness, defined as the ability of
an increased concentration of glucose to promote its own dis-
posal at basal insulin [28]. In humans, FGF-19 levels are in-
versely correlated with visceral fat accumulation [30].
Collectively, these data indicate that FGF-19 reduces glucose
and improves metabolic homeostasis via multiple
mechanisms.

FGF-19 is increased as early as 4 days after RYGB, with
sustained increase at 6 weeks [31], 3 months [32], and further
increases of > 50% at 1 year [33]. Such progressive increases

in postprandial FGF-19 over time suggest that FGF-19 cannot
explain early postoperative changes in glucose metabolism
[33] but are consistent with strong links between diabetes
improvement at 1 year postoperatively and both fasting and
postprandial FGF-19 and bile acids [34]. Moreover, the time
course of induction of FGF-19 fits well with the time course of
PBH, which typically emerges clinically at 1–3 years postop-
eratively. Whether FGF-19 also contributes to the increased
glucose effectiveness in PBH [11] and/or other mechanisms
responsible for glucose lowering in PBH will be an important
question for future studies.

The mechanisms responsible for increased FGF-19 in PBH
remain unclear. Although FGF-19 is inversely associated with
body weight in some studies [35], BMI in PBH participants
did not differ from the asymptomatic post-RYGB control in-
dividuals in the primary study. Moreover, our multivariable
analysis did not identify significant associations between de-
mographic or available metabolic data and FGF-19 levels. We
did observe a modest association between peak postprandial
insulin (30 min) and later FGF-19 levels (120min), raising the
possibility that hyperinsulinemia might contribute to in-
creased FGF-19. However, a prior study demonstrated that
hyperinsulinemia, achieved by intravenous infusion during a
euglycemic clamp, did not alter FGF-19 levels [36]; this sug-
gests instead that other factors related to exaggerated prandial
response in PBH could impact both insulin and FGF-19.
Given the strong evidence implicating GLP-1 in excessive
insulin secretion in PBH [7, 8], we analyzed FGF-19 levels
in response to GLP-1 infusion or inhibition of its action in
independent cohorts of overweight men, and in post-RYGB
patients without and with PBH. Interestingly, our data indicate
that GLP-1 signaling does not influence basal or meal-
stimulated FGF-19 levels in either healthy individuals or at
an early time point after RYGB. By contrast, blocking GLP-1
receptor signaling in individuals with longer postoperative
duration and PBH yielded even higher FGF-19 levels [8, 24,
37]. These data suggest that GLP-1-dependent signals may
limit FGF-19 secretion via mechanisms unique to PBH; such
inhibitory interactions have not been previously reported.

Bile acids are recognized as potent regulators of the FXR-
FGF-19 axis; increases in bile acids and altered composition
may also contribute to efficacy of bariatric surgery [17, 38,
39]. Moreover, postoperative increases in serum total bile
acids are paralleled by and correlated with increases in FGF-
19 in multiple studies [33, 34, 40, 41]. Thus, unique and pro-
gressive perturbations in bile acid enterohepatic recirculation
and metabolism over time could contribute to differential ac-
tivation of FXR-FGF-19 signaling, particularly in the post-
prandial state, and contribute to observed increases in plasma
FGF-19 levels in PBH.

While we do not find differences in fasting plasma bile acid
composition between PBH and asymptomatic post-RYGB
groups, it is possible that prandial plasma levels of bile acids
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or luminal bile acids with greater FXR agonism are increased
in PBH. Bile acid composition and levels could also be mod-
ulated by RYGB-mediated microbiome changes [42]; micro-
bial 7α-dehydroxylation could increase luminal conjugated
bile acids, potentially yielding stronger agonists for FXR
and promoting FGF-19 synthesis [38]. Comparing the gut
microbiome, luminal bile acids, and neuroendocrine cell pop-
ulations in patients with and without PBH will be challenging
but important in future studies.

We acknowledge several limitations. Since our study is
observational, we cannot determine whether the observed in-
creases in FGF-19 are simply associated with hypoglycemia
or other components of an exaggerated postprandial response,
or play a pathogenic role in driving lower glucose in PBH.
Differences in sex distribution, bariatric procedures, and post-
surgical anatomy, such as roux limb length, and postoperative
duration and dietary factors could influence enteroendocrine
physiology. Our secondary analyses of FGF-19 in distinct
experimental populations and conditions prevented direct
comparisons across studies. Although we found no effect of
PYY and GLP-1 infusion on circulating FGF-19 levels in
healthy men, we cannot rule out that each incretin may have
opposing effects. Future investigations will need to test the
impact of each incretin individually.

In summary, we report identification of FGF-19 as the most
significantly upregulated protein in PBH. Given that FGF-19
can potently reduce glucose, these data support a novel hy-
pothesis that FGF-19 may be a key contributor to PBH, po-
tentially via modulation of the bile acid-FXR-FGF-19 axis.
Increases in FGF-19 do not appear to be a direct consequence
of increased plasma incretins, as infusion of GLP-1/PYY did
not increase FGF-19 levels acutely, and Ex-9 did not reduce
FGF-19 levels in healthy or asymptomatic post-RYGB indi-
viduals. By contrast, antagonism of GLP-1 receptor signaling
uniquely increased FGF-19 levels in PBH, indicating complex
interactions between GLP-1 and FXR-FGF-19 signaling in
PBH. Future studies of upstream pathways regulating both
incretin and BA-FXR-FGF-19 pathways will be required to
further define these complex interactions and to determine if
this pathway could be a therapeutic target for PBH.
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