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Abstract 

Idiopathic intracranial hypertension, a disease classically occurring in women with obesity, is 

characterised by raised intracranial pressure. Weight loss leads to reduction in intracranial 

pressure. Additionally, pharmacological glucagon-like peptide-1 agonism reduces cerebrospinal 

fluid secretion and intracranial pressure. The potential mechanisms by which weight loss reduces 

intracranial pressure are unknown and was the focus for this study.

Meal stimulation tests (fasted plasma sample, then samples at 15, 30, 60, 90 and 120 minutes 

following a standardised meal) were conducted pre- and post-bariatric surgery (early (2 weeks) 

and late (12 months)) in patients with active idiopathic intracranial hypertension. Dynamic changes 

in gut neuropeptides (glucagon-like peptide-1, gastric inhibitory polypeptide, and ghrelin) and 

metabolites (untargeted ultra-high performance liquid chromatography-mass spectrometry) were 
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evaluated. We determined the relationship between gut neuropeptides, metabolites, and 

intracranial pressure.

18 idiopathic intracranial hypertension patients were included (Roux-En-Y gastric bypass n=7, 

gastric banding n=6, or sleeve gastrectomy n=5). At 2 weeks post-bariatric surgery, despite similar 

weight loss, Roux-En-Y gastric bypass had a two-fold (50%) greater reduction in intracranial 

pressure compared to sleeve. Increased meal stimulated glucagon-like peptide-1 secretion was 

observed after Roux-En-Y gastric bypass (+600 %) compared to sleeve (+319 %). There was no 

change in gastric inhibitory polypeptide and ghrelin. Dynamic changes in meal stimulated 

metabolites after bariatric surgery consistently identified changes in lipid metabolites, 

predominantly ceramides, glycerophospholipids and lysoglycerophospholipids, which correlated 

with intracranial pressure. A greater number of differential lipid metabolites were observed in the 

Roux-En-Y gastric bypass cohort at 2 weeks, and these also correlated with intracranial pressure.

In idiopathic intracranial hypertension, we identified novel changes in lipid metabolites and meal 

stimulated glucagon-like peptide-1 levels following bariatric surgery which were associated with 

changes in intracranial pressure. Roux-En-Y gastric bypass was most effective at reducing 

intracranial pressure despite analogous weight loss to gastric sleeve at 2 weeks post-surgery and 

was associated with more pronounced changes in these metabolite pathways. We suggest that these 

novel perturbations in lipid metabolism and glucagon-like peptide-1 secretion are mechanistically 

important in driving reduction in intracranial pressure following weight loss in patients with 

idiopathic intracranial hypertension. Therapeutic targeting of these pathways, for example with 

glucagon-like peptide-1 agonist infusion, could represent a therapeutic strategy.
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Keywords: Pseudotumor cerebri; metabolomics; meal stimulation; bariatric surgery. 

Introduction

Idiopathic intracranial hypertension (IIH) is a disease of raised intracranial pressure (ICP).1, 2 

Symptoms of IIH include disabling daily headaches and visual disturbances, with papilloedema 

leading to permanent visual loss in up to 40% of patients.1, 3-5 The underlying pathogenesis of IIH 

is not fully understood but the disease occurs predominantly in women with obesity6, 7 and the 

incidence of IIH is increasing in line with country specific obesity rates.8, 9 IIH disease activity, as 

measured by ICP, correlates closely with truncal adiposity.10, 11 Weight loss is therapeutic in IIH 

and reduces ICP.12, 13 However, the mechanism by which weight loss reduces ICP is not known. 

In IIH, there is systemic metabolic dysregulation in excess to that predicted by obesity, including 

insulin resistance and hyperleptinaemia.10, 14 In addition, a distinct profile of androgen excess and 

glucocorticoid dysregulation have been noted.15-17 These factors may drive the increased risk of 

cardiovascular disease (CVD), type 2 diabetes mellitus (T2D),9 obstructive sleep apnoea,14 

reduced fertility, gestational diabetes and pre-eclampsia18, 19 compared with age, sex, body mass 

index matched populations, in IIH. Additionally, metabolic dysregulation has been noted in 

association with the severe headaches observed in IIH.20-22

The gut neuropeptide glucagon-like peptide-1 (GLP-1) is of interest in IIH. GLP-1 is an incretin 

hormone secreted in the gut and is known to stimulate insulin secretion and inhibits glucagon 

release.23, 24 GLP-1 is also synthesized in neurons of the nucleus tractus solitarius that project to 

the hypothalamus25 and promotes satiety and weight loss.26 In vivo data has identified GLP-1 

receptor (GLP-1R) expression in the human and rodent choroid plexus.27, 28 The GLP-1 receptor 
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agonist, Exenatide, directly reduces cerebrospinal fluid secretion and ICP in vivo.27  Consequently, 

GLP receptor agonism has been investigated as a potential target for treating conditions with raised 

ICP such as IIH. A randomised double-blind placebo controlled trial in patients with active IIH 

demonstrated that Exenatide significantly reduced ICP in IIH at 2.5 hours, 24 hours and at 12 

weeks,29 suggesting a weight-independent and direct effect of GLP-1R agonsim on ICP in IIH.

Bariatric surgery has been shown to significantly reduce ICP in association with the amount of 

weight loss, in IIH, in a randomised clinical trial (IIH:WT).12, 30 Weight loss and ICP reduction 

was most pronounced in those undergoing Roux-En-Y gastric bypass (RYGB).7 Different types of 

bariatric surgery are known to have differing effects on GLP-1 secretion with the most pronounced 

changes occurring in those undergoing RYGB surgery, a procedure which bypasses food to the 

mid/distal jejunum and exposes L-cells to nutrients which trigger a sharp rise in GLP-1, 

oxyntomodulin and peptide YY.31, 32 In contrast, sleeve gastrectomy leads to accelerated gastric 

emptying which also triggers increased GLP-1 secretion, but less marked peptide YY secretion.31-

34

In the IIH bariatric surgery trial (IIH:WT) it was observed that the amount of weight loss was 

significantly correlated with the degree of reduction in ICP.30 Of interest, however, was the 

observation that ICP was very rapidly reduced (at two weeks) after bariatric surgery, and this 

appeared to be predominantly independent of weight loss  as only  relatively small changes in body 

weight had occurred at this time point.12 This observation is akin to the early improvements in 

glycaemic control noted at two weeks post-bariatric surgery in patients with T2D, which were 

predominantly noted amongst those undergoing RYGB surgery. In T2D this phenomenon has been 

linked to the increased post-prandial GLP-1, oxyntomodulin and peptide YY secretion.31, 32 
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In this study, we hypothesized that the therapeutic efficacy of weight loss in IIH may be driven by 

changes in metabolism and gut neuropeptides such as GLP-1. We sought to gain an understanding 

of the mechanisms underlying the reduction in ICP in people with IIH following bariatric surgery 

through evaluation of gut neuropeptide and metabolic profiles, by applying untargeted ultra-high 

performance liquid chromatography-mass spectrometry (UHPLC-MS) metabolomic analysis, over 

the course of a meal stimulation test. We then determined if the type of bariatric surgery had a 

differential effect on metabolism (at 2 weeks (early) and 12 months (late)) following surgery. 

Finally, we aimed to study the relationship between gut neuropeptides, metabolites and ICP. 

Materials and methods

Study type

This was a pre-planned sub-analysis of the IIH:WT randomised control trial.35 This trial identified 

and recruited IIH subjects from neurology and ophthalmology clinics from seven United Kingdom 

National Health Service hospitals. These sites as well as the clinical trial protocol and results have 

been published elsewhere12, 35, 36 and received ethical approval from the National Research Ethics 

Committee West Midlands – The Black Country REC (14/WM/0011, Dudley, United Kingdom). 

All participants provided written informed consent.

Trial details

IIH:WT was funded by the National Institute for Health and Care Research (NIHR-CS-011-028) 

and registered with ClinicalTrials.gov: NCT02124486.
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Study population

The eligibility criteria for the main IIH:WT have previously been published.35 In brief, this 

included women aged 18-55 years, with a body mass index (BMI) ≥35 kg/m2 and active IIH 

(lumbar puncture opening pressure >25 cmCSF and Frisén papilloedema grade ≥1).12, 35 For this 

sub-study, additional eligibility criteria included being randomised to the bariatric surgery arm of 

the trial (RYGB, gastric sleeve or gastric band12, 35) and consenting to undergo meal stimulation 

testing.

Clinical assessments

The IIH participants attended for trial visits at baseline, 2 weeks post-surgery and at 12 months, 

according to the published protocols.35 All participants underwent detailed medical history and 

clinical examination including a pregnancy test. BMI was calculated from weight and height using 

the following formula: BMI = (weight [kg] / height [m]2). Visual tests performed included the 

perimetric mean deviation (PMD) using Humphrey 24-2 Swedish Interactive Thresholding 

Algorithm (SITA)37 central threshold automated perimetry and spectral domain optical coherence 

tomography (OCT; Spectralis, Heidelberg Engineering) imaging to evaluate the average 

peripapillary retinal nerve fibre layer (RNFL), a measure of papilloedema.38 Monthly headache 

days and headache severity were recorded using headache diaries and headache associated 

disability was measured using the headache impact test-6 score (HIT-6). Lumbar punctures were 

conducted at baseline, 2 weeks post-surgery and at 12 months using a standardised procedure in 

the lateral decubitus position under ultrasound guidance with lumbar puncture opening pressure 

recorded.12, 35
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Meal stimulation

Meal stimulation tests were performed at baseline; 2 weeks post-surgery and at 12 months in all 

IIH patients as previously described.39 Meal stimulation testing was conducted following an 

overnight fast from midnight. In brief, baseline samples were collected from all patients before a 

standardised meal was administered (Fortisip 200ml, Cat No. 18499 309-2129, Nutricia, UK) 

(Composition of product found in Supplementary Table 1). A timed series of blood samples were 

collected at 15, 30, 60, 90 and 120 minutes following the standardised meal. Blood for gut 

hormones was collected in ethylenediamin tetra-acetic acid tubes (catalogue number: 456011, 

Greiner Bio-One Ltd, UK) containing 40 µl dipeptidyl peptidase 4 inhibitor (catalogue number: 

DPP4-010, Merck-Millipore UK Ltd, UK).  All blood samples collected were then centrifuged (10 

minutes at 1500g at 4°C), aliquoted as plasma in microcentrifuge tubes containing 2.5 µl protease 

inhibitor cocktail (catalogue number: P8340, Sigma, UK) and stored at –80°C. All samples 

processed only underwent a single freeze-thaw cycle.

Gut neuropeptide analysis

Active GLP-1, Ghrelin and gastric inhibitory polypeptide (GIP) plasma samples were assayed 

together using a customised multiplex magnetic bead-based immunoassay (MILLIPLEX® MAP 

Human Metabolic Hormone Magnetic Bead Panel (Catalogue # HMHEMAG-34K), Merck 

Millipore, Germany) according to the manufacturer’s instructions and read using a Luminex 

MagPix® analyser. Minimum detectable concentrations were 0.4 pmol/L for active GLP-1, 3.9 

pmol/L for ghrelin and 0.1 pmol/L for GIP. The precision of intra-assay and inter-assay (%CV) 

are <10 and <15, respectively, for all 3 assayed gut hormones.40 
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Metabolomics analysis 

The detailed metabolomic analysis methods are described in the Supplementary Methods. In 

summary, metabolites present in plasma samples were extracted using a monophasic organic 

solvent (50/50 acetonitrile/water or isopropanol) and analysed by applying ultra high performance 

liquid chromatography-mass spectrometry assays (HILIC for water soluble metabolites and 

lipidomics for lipid metabolites) in positive and negative ion modes. Raw data processing was 

performed using XCMS. MS1, MS/MS and retention time data were applied to structurally 

annotate metabolites. Univariate analysis (one-way repeated measures ANOVA), spearman rank 

correlation analysis, hierarchical cluster analysis and pathway enrichment analysis was performed 

in MetaboAnalyst v5.0.

Statistical analysis

The gut neuropeptide data was analysed by calculating the total area under the curve (AUC) from 

fasted samples at baseline, 2 weeks post-surgery and 12-month time points as well as from the 

time of ingestion of the mixed meal to the postprandial phase (0 to 120 minutes) at all time points. 

Statistical analysis was performed using GraphPad Prism 9.4.1 9 (GraphPad software). 

For the metabolomics data analysis, statistical and pathway enrichment analysis was performed in 

MetaboAnalyst v5.0 41. For statistical analysis, data were normalized to total sample response and 

log10 transformed. Statistical analysis applied a one-way repeated measures ANOVA, q < 0.05 

for the baseline meal stimulated metabolite changes, over the meal stimulation test, and a two-way 

repeated measures ANOVA (P < 0.005) for metabolite time (2 weeks and 12 months) and 
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phenotype interactions (type of surgery). Pathway enrichment analysis applied pathway analysis, 

hypergeometric test (enrichment method), relative-betweenness centrality (topology analysis) and 

Mus musculus (KEGG) as the pathway library.

For the correlation analysis of ICP with metabolites we performed Spearman Rank correlation 

analysis. The abundance of each metabolite detected (time point 0, the start of the meal stimulation 

test) were correlated with ICP measured at 2 weeks post-surgery. Separately, the changes in ICP 

(2 weeks post-surgery minus baseline values) were also compared to changes in abundances of 

each metabolite detected (fasted metabolites at time point 0 of the meal stimulation test). These 

comparisons were performed for RYGB only patients and for the combined set of sleeve and 

RYGB patients. Correlation of sleeve data was not performed because data was only available for 

three sleeve patients. 

Hierarchical Clustering Heatmaps were constructed in MetaboAnalyst using the following 

parameters; Features (autoscaled), distance measure (Euclidean), clustering method (Ward), 

samples (not clustered). The minimum or maximum peak response in comparison to the baseline 

sample (whichever was the higher) reported across the 120-minute period of collection post-meal 

were used.

Results
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Patient characteristics and phenotypic changes in weight, BMI and 

ICP 

For this study, 33 participants out of 66 recruited were randomised to a bariatric surgery, of which 

27 received an intervention (Figure 1). 18 participants consented to receive a meal stimulation test 

(RYGB n = 7, banding n = 6, sleeve n = 5). The baseline characteristics were typical for a 

population of people with active IIH (Table 1).

Relationship between degree of weight loss and intracranial pressure 

reduction

Initially, we evaluated the degree of ICP reduction from each bariatric surgery type in relation to 

the amount of weight loss at 2 weeks (Table 2). The analysis at 12 months has been previously 

published in the entire IIH:WT study and the results pertaining to the individuals included in this 

study are shown in table 2.7 We then evaluated the data at 2 weeks post-surgery. At 2 weeks, the 

cohort undergoing RYGB demonstrated the greatest reduction in ICP compared to other surgical 

types (RYGB -12.7 ± 10.5 cmCSF; gastric sleeve -6.4 ± 8.8 cmCSF; gastric banding -7.3 ± 1.1 

cmCSF), with a 50 % greater reduction in RYGB compared to sleeve. This occurred despite similar 

weight loss in the RYGB and sleeve cohorts at 2 weeks (RYGB -10.4 ± 7.4 kg; gastric sleeve -9.9 

± 5.2 kg). The gastric banding group lost the least amount of weight at 2 weeks and had the least 

reduction in ICP (Table 2) (all surgeries: ∆Weight (kg) vs ∆ICP (mmH2O); r = 0.287, P = 0.263) 

(Supplementary Fig. 1A). At 12 months a similar but less pronounced pattern was observed with 

those undergoing RYGB having a 16.0 % greater reduction in ICP compared to sleeve (all 

surgeries: ∆Weight (kg) vs ∆ICP (mmH2O); r = 0.587, P = 0.01) (Supplementary Fig. 1B). 
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Gut neuropeptide meal stimulated changes

GLP-1, GIP and ghrelin were assessed over the meal stimulation protocol. In the RYGB and sleeve 

cohorts, the meal stimulated GLP-1 area AUC 0 to 120 profile showed a marked increase following 

surgery (both at 2 weeks and 12 months) compared to prior to surgery, with greater increases in 

the RYGB vs. sleeve groups, in keeping with the literature42, 43 (Figure 2 RYGB (A) and gastric 

sleeve (B)). There was a greater increase in the meal stimulated GLP-1 AUC 0 to 120 profile 

following RYGB (434 %) (n = 7) compared to sleeve (301 %) (n = 3) at 2 weeks post-surgery. The 

increase was similar at 12 months between the two surgical groups (RYGB: 380% and sleeve 

381%). As expected, those undergoing gastric banding (n = 5) did not show a differential meal 

stimulated GLP-1 AUC 0 to 120 profile following surgery43, 44 (Figure 2C). Ghrelin showed no 

change over the entire meal stimulated AUC 0 to 120 profile (Supplementary Fig. 2A-C) in all 

surgery types. We would have expected to see a small decrease in ghrelin in the sleeve cohort due 

to the removal of the fundus of the stomach where most ghrelin-producing cells are located.45 

However, this result may be an anomaly due to low sample numbers. There was also no significant 

change in GIP for all surgery types over the entire meal stimulated AUC 0 to 120 profile 

(Supplementary Fig. 2D-F), which is as expected and has been previously published.43, 46

Small sample sizes confounded our ability to evaluate the relationship between GLP-1 and ICP. 

There was a significant negative correlation (P = 0.016, r = -0.608) between GLP-1 AUC 0 to 120 

and absolute ICP at 12 months in those undergoing bariatric surgery (n = 15).  Correlations were 

not observed at 2 weeks or for the change between baseline and 2 weeks. 
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Baseline meal stimulated metabolite changes

The dynamic changes in metabolites, over the meal stimulation test, were initially evaluated prior 

to bariatric surgery for meal stimulation timepoint matched patients in the IIH cohort 

(Supplementary Table 2).  We observed dynamic changes in 150 metabolites over the course of 

the meal stimulation test. Perturbations of metabolites were noted over a period of 120 minutes 

along with alterations in lipids (acyl amino acids (eight metabolites), acyl carnitines (27 

metabolites), fatty acids (13 metabolites) and oxidised fatty acids (14 metabolites)). Examples of 

the dynamic meal stimulated changes for acyl carnitines, fatty acids, oxidized fatty acids and 

triacylglycerides are shown in Figure 3.

We observed dynamic changes in vitamin A, D and E metabolites as well as nicotinamide, 

pantothenic acid, folic acid and iodine metabolism during the meal stimulation. It is likely that 

changes in these metabolites were influenced by the composition of the meal ingested (see 

Supplementary Table 1 for the full composition).  These metabolites have not been further 

investigated and are not reported in Supplementary Table 2.

Early (2 week) and late (12 month) meal stimulated metabolite 

changes following bariatric surgery

We next compared the alteration in dynamic meal stimulated metabolites that occurred early (2 

weeks; Supplementary Table 3-phenotype results) and late (12 months; Supplementary Table 4-

phenotype results) after bariatric surgery in comparison to the pre-surgical meal stimulation test 

for all patients independent of surgery type. There were a number of similarities in metabolite 
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changes observed at 2 weeks and 12 months post-surgery compared to pre-surgery with 

glycerophospholipids being the lipid class showing the most changes at both time points. 

Additionally, one cholesterol esters and 4-trimethylaminobutanoate were statistically significantly 

altered (for direction of change see Supplementary Tables 3 and 4) both early and late after 

bariatric surgery. A small number of ceramides, diacylglycerides, fatty acids as well as cholesterol 

sulphate were statistically significantly altered at 2 weeks but not 12 months after bariatric surgery. 

A heirarchical clustering heatmap visualisation was used to display these differences in metabolite 

expression (Figure 4).

The impact of bariatric surgery type on early changes in dynamic 

meal stimulated metabolites 

We evaluated the dynamic meal stimulated metabolite changes occurring early (2 weeks) post-

surgery in comparison to pre-surgery dependent on the type of bariatric procedure (Supplementary 

Tables 5 (RYGB-phenotype results) and 6 (sleeve-phenotype results)). We observed metabolite 

changes resulting from both types of bariatric surgery (26 and 41 metabolites were statistically 

significantly altered (for direction of change see Supplementary Tables 5 and 6) following RYGB 

and sleeve interventions, respectively). Both surgical interventions resulted in statistically 

significant metabolite changes in glycerophospholipids; nine of 26 and 25 of 41 for RYGB and 

sleeve, respectively. 

We further investigated the differences between RYGB and sleeve surgery at 2 weeks post-surgery 

via a direct statistical comparison (RYGB at 2 weeks compared to sleeve at 2 weeks; 

Supplementary Table 7-phenotype results). We found that there are 9 metabolites which are 
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statistically significant when comparing RYGB at 2 weeks and sleeve at 2 weeks and 5 of the 9 

metabolites were (lyso)glycerophospholipids. Additionally, there were six metabolite changes in 

common at 2 weeks post-surgery for the RYGB and sleeve cohorts compared to baseline and we 

would suggest that these are less likely to be relevant to the increased ICP reduction in the RYGB 

cohort. 

Glycerophospholipids and lysoglycerophospholipids show a general decrease in relative 

concentration at 2 weeks compared to baseline for both RYGB and sleeve groups. However, many 

more glycerophospholipids were perturbed in sleeve patients (25) compared to RYGB patients (9) 

and the magnitude of change was greater in many of these lipids in sleeve patients compared to 

RYGB patients (Supplementary Tables 5 and 6, Figure 4). A heirarchical clustering heatmap 

visualisation was used to display expression of these metabolites between RYBG (Figure 5) and 

sleeve (Figure 6) surgery cohorts. 

The impact of bariatric surgery type on late changes in dynamic meal 

stimulated metabolites 

We next investigated whether the dynamic metabolite changes observed during a meal stimulation 

test late (12 months) post-surgery in comparison to pre-surgery were dependent on the type of 

bariatric procedure (Supplementary Tables 8 (RYGB-phenotype results) and 9 (sleeve-phenotype 

results)). 55 and 11 metabolites were statistically different from pre-surgery to 12 months post-

surgery for RYGB and sleeve, respectively. For RYGB, 21 of 55 statistically significant 

metabolites were glycerophospholipids and for sleeve six of 11 metabolites were 

glycerophospholipids. 
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We further investigated the differences between RYGB and sleeve surgery at 12 months post-

surgery via a direct statistical comparison (RYGB at 12 months compared to sleeve at 12 months). 

13 metabolites were statistically significant (Supplementary Table 10).

Relationship between intracranial pressure and metabolites

Next, we investigated the relationship between ICP, a measure of IIH disease activity, and 

metabolites. At 2 weeks post bariatric surgery we evaluated the fasted metabolites (those identified 

prior to the meal stimulation test) and their relationship to ICP. 75 metabolites were correlated 

with ICP amongst all of those participants undergoing bariatric surgery (Supplementary Table 11; 

the abundance of 33 metabolites were negatively correlated to ICP and the abundance of 42 

metabolites were positively correlated to ICP). Of these we noted that two were ceramides, seven 

were glycerophospholipids (six of seven were positively correlated with ICP), seven were 

lysoglycerophospholipids (six of seven were positively correlated with ICP) and acetate. We then 

went on to evaluate the metabolites correlating with ICP at 2 weeks post-surgery in the RYGB 

group alone. 147 metabolite correlations were observed (Supplementary Table 12; the abundance 

of 57 metabolites were negatively correlated to ICP and the abundance of 90 metabolites were 

positively correlated to ICP). Correlations in 17 ceramides (12 were positively correlated with 

ICP), 32 glycerophospholipids (21 were positively correlated with ICP) and 10 

lysoglycerophospholipids (seven were negatively correlated with ICP) were observed, suggesting 

a relationship to ICP for these lipid classes. In addition, 130 metabolites were identified as 

correlating with ICP in the RYGB group alone but not in the whole cohort (Supplementary Table 

12B),with LysoPS (P-20:0) metabolite found to be statistically significant in both the changes in 
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metabolites (baseline – 2 weeks) and correlated changes in ICP (baseline – 2 weeks). These may 

also be of biological relevance in explaining the disproportionate reduction in ICP in the RYGB 

group compared to sleeve.

The smaller number of correlated ceramides and glycerophospholipids observed in the whole IIH 

cohort (RYGB and sleeve combined) compared to the RYGB group alone suggest that these two 

lipid classes are meaningfully associated with ICP in the RYGB group (as these correlations are 

lost when the sleeve group is combined with the RYGB group). Hence, ceramides and 

glycerophospholipids may be relevant to the disproportionate reduction in ICP observed in the 

RYGB group at 2 weeks post-surgery.

We also evaluated the relationship between changes in metabolites (between baseline and 2 weeks 

post-surgery) and changes in ICP in the whole bariatric cohort over this time period. 152 

metabolites were correlated (Supplementary Table 13; the change in abundance of 95 metabolites 

were negatively correlated to the change in ICP and the change in abundance of 57 metabolites 

were positively correlated to the change in ICP) of which seven were ceramides, 34 

glycerophospholipids and 22 lysoglycerophospholipids. However, in the RYGB cohort alone 160 

metabolite changes correlated with change in ICP (the change in abundance of 96 metabolites were 

negatively correlated to the change in ICP and the change in abundance of 64 metabolites were 

positively correlated to the change in ICP). Of these 11 were ceramides, 38 glycerophospholipids 

and 15 lysoglycerophospholipids (Supplementary Table 14). Both glycerophospholipids and 

lysoglycerophospholipids were negatively correlated with ICP change and within the class of 

ceramide metabolites, some ceramides showed positive and some showed negative correlations 
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with ICP change. This suggests that these three lipid classes are associated with changes in ICP 

and therefore potentially important in understanding the mechanisms driving reduction in ICP 

following weight loss post bariatric surgery.  Additionally, those correlations predominantly 

associated with RYGB may be relevant in explaining the exaggerated reduction in ICP amongst 

the RYGB cohort.

Discussion

This study sought to explore the potential mechanisms by which weight loss could exert a 

therapeutic effect in IIH and lower ICP. We observed rapid improvements in ICP after bariatric 

surgery at 2 weeks, particularly in the RYGB cohort, and hence sought to additionally explore 

mechanisms driving these early changes in ICP. Our data suggests that changes in GLP-1 levels 

and specific lipid metabolites may contribute to the reduction in ICP observed.

Role of gut neuropeptides 

Very early reduction in ICP was identified at 2 weeks post-bariatric surgery. We noted that this 

was particularly marked amongst the group undergoing RYGB surgery (almost a two- fold greater 

reduction in ICP compared to the gastric sleeve cohort) despite similar reductions in weight. This 

was akin to what has been observed in T2D where early glycaemic control at 2 weeks post-RYGB 

surgery is noted in line with changes in gut neuropeptides.32 In our cohort, at 2 weeks post-bariatric 

surgery the meal stimulated secretion of ghrelin and GIP showed no change, whilst meal stimulated 

GLP-1 secretion altered particularly in those undergoing RYGB, as has been noted in other 

diseases.43, 45, 47 The greater increases in GLP-1 associated with RYGB compared to gastric sleeve 
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patients has been previously linked to elevated nutrient-stimulated circulating levels of GLP-1 due 

to increased stimulation of L cells.43 

This was a small study which limits the interpretation of the results, however our data did suggest 

an association between reduction in ICP and increase in meal stimulated GLP-1 levels. This is in 

keeping with existing data demonstrating the importance of GLP-1 in ICP regulation in both pre- 

clinical and clinical data.27, 29 The observed exaggerated reduction in ICP in the RYGB cohort 

could be driven by changes in GLP-1 levels following surgery, but in this small cohort further 

confirmatory studies are needed. GLP-1 agonist infusions have been evaluated due to their 

potential to replicate changes occurring after RYGB.48 We speculate that GLP-1 agonist could 

have therapeutic potential in IIH in lieu of RYGB.

Lipid metabolites and ICP reduction

Comparing the untargeted metabolomics after meal stimulation testing, before and after bariatric 

surgery, the predominant metabolite classes to show significant dynamic changes were ceramides, 

glycerophospholipids and lysoglycerophospholipids. Furthermore, these lipid metabolites were 

associated with changes in ICP.  We cannot discern a causal relationship from this data, however 

we would suggest that the results indicate that these lipid metabolites may have a mechanistic role 

in ICP reduction following weight loss. In support of this, it is known that obesity and recent 

weight gain are known risk factors for IIH and significant weight loss has been shown to be a 

disease modifying treatment of IIH.12, 13, 49 Back translation to evaluate ceramides, 

glycerophospholipids and lysoglycerophospholipids in animal models of cerebrospinal fluid 

dynamics would be of interest.
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Differential metabolite changes by surgical type

The changes in the lipid metabolites (ceramides, glycerophospholipids and 

lysoglycerophospholipids) were even more pronounced in those undergoing RYGB compared to 

sleeve (both at 2 weeks and 12 months). Additionally, there were a larger number of correlations 

between lipid metabolites and ICP in the RYGB cohort. Hence, changes in lipid metabolites appear 

to be relevant to the reduction in ICP and this relationship is amplified amongst the RYGB cohort 

suggesting their role is partially independent of weight loss. This is potentially relevant to 

understanding the exaggerated reduction of ICP in the RYGB cohort. We also note that changes 

in acetate correlated with ICP in this study. This is in keeping with elevated acetate levels identified 

in IIH compared to control subjects previously observed using nuclear magnetic resonance 

spectroscopy metabolite analysis.22

Lipid metabolites, obesity, and weight loss 

The mechanisms by which ceramides, glycerophospholipids and lysoglycerophospholipids may 

be involved in ICP reduction following weight loss is not known. These lipid metabolite classes 

have been previously associated with obesity and metabolic syndrome.50-53 Changes in these 

metabolites have been noted following bariatric surgery32, 50-53 and after weight loss following 

lifestyle interventions,54-58 hence are not specific to bariatric surgery but more a marker of weight 

loss independent of the mode of weight loss.  

In IIH, HILIC-based UHPLC-MS has identified that multiple ceramides, fatty acids, 

glycerophospholipids and lysoglycerophospholipids are altered in association with ICP.59  RYBG 

Page 21 of 45

https://mc.manuscriptcentral.com/braincom

Manuscripts submitted to Brain Communications

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

ACCEPTED M
ANUSCRIPT

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/advance-article/doi/10.1093/braincom

m
s/fcad272/7321512 by U

niversity of Birm
ingham

 user on 19 O
ctober 2023



21

has been previously shown to perturb ceramide levels.32 Ceramide dysregulation has been 

implicated in insulin resistance and CVD risk in other diseases9, 10, 60 and may be of relevance in 

IIH where an increased risk of CVD and insulin resistance has been observed.9 

Ceramides belong to the sphingolipid family and are produced from the breakdown of membrane 

sphingomyelin by sphingomyelinase.61 The brain is the organ with the highest sphingolipid content 

in the body.62 Additionally, sphingomyelins are abundant in the myelin layer in the optic nerve 

sheath.63, 64 The optic nerve sheath is dilated in IIH as ICP rises.65 We hypothesize that dilation of 

the optic nerve sheath could lead to mechanical stress and sphingomyelin breakdown and 

production of ceramide. Hence ceramide could reflect a biomarker of elevated ICP in IIH. It is 

interesting to note that changes in the brain’s lipid levels, including glycerophospholipids,66 are 

associated with other pathogenic processes including neuroinflammatory diseases such as 

Alzheimer’s disease and Parkinson’s disease.67-69 Future work to explore the impact of lipid 

metabolites on ICP regulation would be of interest.

Limitations

There are some limitations to the reported study which should be considered. Due to the rarity of 

the disease, there were relatively small numbers of participants in the surgery cohorts.  However, 

this was the first study to explore the changes of metabolites following bariatric surgery in IIH 

patients and this sample size is larger compared to other IIH studies. In addition, the small sample 

size may have limited the ability to discern charges in some metabolites and gut neuro-peptides. 

For example existing literature suggest that ghrelin alters after sleeve gastrectomy, but in this small 

study we did not observe this change. Untargeted UHPLC-MS metabolomics is not able to quantify 
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metabolite changes, but this would be of future interest. UHPLC-MS does however, have the 

advantage of being untargeted and hence our findings reflect a broad discovery based approach. 

We have not evaluated the functional significance of our findings currently, but this study guides 

future research work. It is not possible to say if changes in lipid metabolites are a cause or 

consequence of ICP changes until further functional evaluations are conducted. There was no non-

IIH cohort, in which meal stimulated samples were collected (as this work has previously been 

conducted).32 However, the aim of this study was not to determine if metabolite changes after 

bariatric surgery were unique to IIH, but to determine how metabolite changes in IIH related to 

changes in ICP. Metabolites were sought in plasma, however it would be a future interest to analyse 

the changes in metabolite signatures in the CSF following bariatric surgery.

Some metabolites are identified based on comparison of retention time and/or MS/MS data to data 

collected for authentic chemical standards, though other metabolites are annotated without 

comparison to chemical standards. For this reason, we have applied pathway enrichment analysis 

to reduce (but not fully eliminate) the probability of false positive conclusions. For example, if 

eight metabolites are statistically significant and present in a single pathway then we have more 

confidence that this is a biologically valid conclusion compared to deriving biological conclusions 

from a single statistically significant metabolite without applying pathway enrichment analysis.

Conclusion 

Reduction in weight, driven by bariatric surgery, both early (2 weeks) and late (12 months), was 

associated with novel changes in lipid metabolism (notably ceramides, glycerophospholipids and 

lysoglycerphospholipids) which correlated with changes in ICP. We observed rapid improvements 
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in ICP at 2 weeks post-bariatric surgery, particularly in the RYGB group, despite similar degrees 

of weight loss in the other surgical types. At 2 weeks post-surgery, changes in lipid metabolism 

and GLP-1 levels were of greater magnitude in the RYGB group, potentially indicating their 

importance in driving the exaggerated ICP reduction in this surgical type. Ceramides, 

glycerophospholipids and lysoglycerphospholipids were strongly associated with changes in ICP 

at 2 weeks post-surgery in the RYGB cohort (Figure 7). The mechanisms by which changes in 

lipid metabolites influence ICP are yet to be explored. We suggest that these novel perturbations 

in lipid metabolism and GLP-1 secretion are mechanistically important in driving reduction in ICP 

following weight loss in patients with IIH. However, the small sample size precludes firm 

conclusions being drawn. Therapeutic targeting however, of these pathways, for example with 

GLP-1 agonist administration, could represent a therapeutic strategy.
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Figure legends
Figure 1 Consort diagram. 33 participants out of 66 recruited were randomised to a bariatric 

surgery, of which 27 received an intervention. All 18 participants were female and consented to 

receive a meal stimulation test (RYGB n = 7, banding n = 6, sleeve n = 5). RYGB, Roux-En-Y 

gastric bypass.

Figure 2 GLP-1 gut hormone responses in all surgical cohorts at all time points. Total area 

under the curve dynamics of GLP-1 RYGB (Baseline Total Area: 1240±490.6; 2 Weeks Total 

Area: 6623±688.4, +434%; 12 Months Total Area: 5947±1222, +380%) (n = 7) (A); gastric sleeve 

(Baseline Total Area: 1045±253.1; 2 Weeks Total Area: 4194±810.8, +301%; 12 Months Total 

Area: 5029±973.3, +381%) (n = 3) (B); gastric banding (Baseline Total Area: 332.7±124.0; 2 

Weeks Total Area: 626.4±184.8, +88%; 12 Months Total Area: 527.3±143.9, +59%) (n = 5) (C) 

following a meal stimulation at 0 to 120 minutes as total area ± standard error, and percentage 

change over baseline. Only descriptive analysis was performed on this figure. No formal statistical 

testing was performed. Total Area units = (pmol/l x minutes). Baseline: black lines; 2 weeks post-
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surgery: red lines; 12 months post-surgery: blue lines. GLP-1, glucagon-like peptide-1; RYGB, 

Roux-En-Y gastric bypass. 

Figure 3 Box and whisker plots demonstrate changes over time for specific lipid classes. Total 

area under the curve as a normalised response % of Docosahexaenoic acid (Total Area: 

4.943±0.5455) (A); hydroxy-hexadecanoic acid (Total Area: 1.794±0.05924) (B); 

tetradecadiencarnitine (Total Area: 6.072±0.5966) (C); TG(56:3) (Total Area: 0.6301±0.6480) (D) 

at each time point (0, 15, 30, 60, 90, 120 minutes) at baseline which is composed of timepoint 

matched IIH subjects prior to surgery (n = 6) as total area ± standard error. A one-way repeated 

measures ANOVA was applied with correction applied for multiple testing (Benjamini-Hochberg 

method) with a q-value<0.05 to find the significant metabolite expression from the samples. Only 

descriptive analysis was performed on this figure. No formal statistical testing was performed. 

Figure 4 Hierarchical clustering heatmap visualizing data for all IIH subjects (bypass and 

sleeve). Hierarchical Clustering Heatmaps were constructed in MetaboAnalyst using the following 

parameters; features (autoscaled), distance measure (Euclidean), clustering method (Ward), 

samples (not clustered). A subset of lipids with q<0.05 were chosen to visualise trends in the data. 

Baseline (magenta), 2-weeks post-surgery (green) and 12 months post-surgery (blue). All 

statistically significant metabolites for the comparison of baseline vs. 2-weeks or baseline vs. 12 

months are included. Blue are low abundances and red are high abundances. (n = 12). AC, acyl 

carnitine; GPL, glycerophospholipid; TG, triacylglyceride; MC, mixed class; CER, ceramide; 

LGPL, lysoglycerophospholipid; OC, other class; DG, diacyglyceride; CDP, glycerol; FA, fatty 

acid; OFA, oxidized fatty acid.
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Figure 5 Hierarchical clustering heatmap visualizing data for all bypass subjects. 

Hierarchical Clustering Heatmaps were constructed in MetaboAnalyst using the following 

parameters; features (autoscaled), distance measure (Euclidean), clustering method (Ward), 

samples (not clustered). A subset of lipids with q<0.05 were chosen to visualise trends in the data. 

Baseline (red) and 2-weeks post-surgery (green). All statistically significant metabolites for the 

comparison of baseline vs. 2-weeks are included. Blue are low abundances and red are high 

abundances. Bypass (n = 7). AC, acyl carnitine; GPL, glycerophospholipid; TG, triacylglyceride; 

MC, mixed class; LGPL, lysoglycerophospholipid; OC, other class; H, heme; AAA, acyl amino 

acid; CER, ceramide; OFA, oxidized fatty acid.

Figure 6 Hierarchical clustering heatmap visualizing data for all sleeve subjects. Hierarchical 

Clustering Heatmaps were constructed in MetaboAnalyst using the following parameters; features 

(autoscaled), distance measure (Euclidean), clustering method (Ward), samples (not clustered). A 

subset of lipids with q<0.05 were chosen to visualise trends in the data. Baseline (red) and 2-weeks 

post-surgery (green). All statistically significant metabolites for the comparison of baseline vs. 2-

weeks are included. Blue are low abundances and red are high abundances. Sleeve (n = 5). AC, 

acyl carnitine; GPL, glycerophospholipid; TG, triacylglyceride; MC, mixed class; LGPL, 

lysoglycerophospholipid; OC, other class; H, heme; AAA, acyl amino acid; CER, ceramide; OFA, 

oxidized fatty acid.

Figure 7 Infographic. In idiopathic intracranial hypertension, novel changes were noticed in lipid 

metabolites (glycerphospholipids, lysoglycerphospholipids and ceramides) and meal stimulated 

glucagon-like peptide-1 levels, in patients following Roux-En-Y gastric bypass surgery, which 
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were associated with changes in intracranial pressure. 19 and 20 different metabolites were 

perturbed between the RYGB and sleeve cohorts at 2 weeks and 12 months post surgery, 

respectively.  GLP-1, glucagon-like peptide-1; ICP, intracranial pressure.
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Table 1 Baseline characteristics of study subject combined and split by surgery type (RYGB, sleeve and band)

Data presented as mean ± SD. n, Number; BMI, Body Mass Index; CSF, cerebrospinal fluid; OCT, optical coherence tomography; RNFL, 

retinal nerve fibre layer; RYGB, Roux-En-Y gastric bypass; SD, standard deviation.

Baseline Characteristics
All surgeries

(n = 18)
RYGB
(n = 7)

Sleeve
(n = 5)

Band
(n = 6)

Age (years)
30.8
(6.9)

32.7
(9.2)

29.4
(6.9)

29.8
(4.0)

Weight (kg)
111.9
(20.4)

115.0
(27.3)

113.1
(19.8)

107.2
(13.0)

BMI (kg/m2)
42.9
(7.0)

45.5
(9.6)

42.2
(4.3)

40.4
(4.8)

Intracranial Pressure (cmCSF)
35.6
(4.5)

35.6
(5.6)

35.6
(4.7)

35.5
(3.6)

Systolic Blood Pressure (mmHg)
124.8
(18.4)

131.8
(17.3)

126.2
(10.4)

115.4
(23.1)

Perimetric mean deviation (worst eye) (dB)
-4.3
(3.9)

-4.0
(3.9)

-4.8
(6.0)

-4.4
(1.1)

Papilloedema  measured by OCT global RNFL (worst eye) (µm)
160.1

(128.3)
196.6

(191.4)
136.0
(61.8)

133.0
(55.3)

Monthly Headache Days
23.6
(6.6)

24.6
(5.9)

21.6
(8.3)

24.0
(6.7)

Frisén Grading of Papilloedema (worst eye)
2.2

(1.0)
2.3

(1.0)
2.5

(1.0)
1.8

(1.3)
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Table 2 Absolute and delta change (∆) values for age, BMI, ICP and weight 

Baseline Mean (SD) 2 weeks post-surgery Mean (SD) 12 Months Mean (SD)

All surgeries
(n = 18)

RYGB
(n = 7)

Sleeve
(n = 5)

Band
(n = 6)

All surgeries
(n = 18)

RYGB
(n = 7)

Sleeve
(n = 5)

Band
(n = 6)

All surgeries
(n = 18)

RYGB
(n = 7)

Sleeve
(n = 5)

Band
(n = 6)

Age
(years)

30.8
(6.9)

32.7 (9.2) 29.4 (6.9) 29.8 (4.0)

BMI
(kg/m2)

42.9
(7.0)

45.5 (9.6) 42.2 (4.3) 40.4 (4.8)
38.7
(6.3)

40.2 (8.6) 37.9 (5.3) 37.6 (4.2)
32.8
(6.8)

32.3 (9.8) 31.0 (3.6) 34.9 (4.8)

BMI
Δ change

-3.9
(2.2)

-4.3 (3.0) -4.4 (2.1) -2.9 (1.3)
-9.8
(4.7)

-12.2 (4.0) -11.28 (4.5) -6.1 (3.0)

Weight
(kg)

111.9 (20.4)
115.0 
(27.3)

113.1 
(19.8)

107.2 (13.0) 102.3 (18.8) 104.6 (24.0) 103.2 (21.0) 98.9 (11.7) 86.0 (19.8) 83.0 (27.0) 82.2 (13.6) 92.7 (15.3)

Weight
Δ change

-9.6
(5.4)

-10.4 (7.4) -9.9 (5.2) -8.4 (2.8) -25.9 (11.9) -32.0 (8.0) -30.9 (12.6) -14.6 (7.1)

ICP
(cmCSF)

35.6
(4.5)

35.6 (5.6) 35.6 (4.7) 35.5 (3.6)
26.9
(8.1)

23.9 (6.8) 29.2 (12.2) 28.1 (3.8)
22.7
(5.4)

19.6 (4.4) 22.1 (6.1) 26.9 (3.1)

ICP
Δ change

-9.0
(8.11)

-12.7 (10.5) -6.4 (8.8) -7.3 (1.3)
-12.9
(7.2)

-16.1 (8.4) -13.5 (8.0) -7.4 (3.9)

Baseline, 2 weeks post-surgery and 12 month time points for grouped and split by surgery types (RYGB, sleeve and band). 

Data presented as mean ± SD. n, Number; BMI, Body Mass Index; ICP, intracranial pressure; RYGB, Roux-En-Y gastric bypass.
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