Circulating pancreatic polypeptide concentrations predict visceral and liver fat content
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ABSTRACT
Context and objective: No current biomarker can reliably predict visceral and liver fat content, both of which are risk factors for cardiovascular disease. Vagal tone has been suggested to influence regional fat deposition. Pancreatic polypeptide (PP) is secreted from the endocrine pancreas under vagal control. We investigated the utility of PP in predicting visceral and liver fat.

Patients and Methods: Fasting plasma PP concentrations were measured in 104 overweight and obese subjects (46 men and 58 women). In the same subjects, total and regional adipose tissue, including total visceral adipose tissue (VAT) and total subcutaneous adipose tissue (TSAT), were measured using whole body magnetic resonance imaging (MRI). Intrahepatocellular lipid content (IHCL) was quantified by proton magnetic resonance spectroscopy (1H-MRS). 

Results: Fasting plasma PP concentrations positively and significantly correlated with both VAT (r=0.57, p<0.001) and IHCL (r=0.51, p <0.001), but not with TSAT (r=0.02, p=0.88). Fasting PP concentrations independently predicted VAT after controlling for age and gender. Fasting PP concentrations independently predicted IHCL after controlling for age, gender, BMI, WHR, HOMA2-IR and serum concentrations of triglyceride (TG), total cholesterol (TC) and alanine aminotransferase (ALT). Fasting PP concentrations were associated with serum ALT, TG, TC, LDL and HDL cholesterol and blood pressure (p<0.05). These associations were mediated by IHCL and/or VAT. Fasting PP and HOMA2-IR were independently significantly associated with hepatic steatosis (p<0.01). 

Conclusions: Pancreatic polypeptide is a novel predictor of visceral and liver fat content, and thus a potential biomarker for cardiovascular risk stratification and targeted treatment of patients with ectopic fat deposition. 
INTRODUCTION
It is increasingly recognized that obesity is not a homogeneous condition and that cardiovascular risk can vary between individuals with a similar body mass index(1). Variation in body fat distribution is an important determinant of cardiometabolic risk among patients with obesity. The intra-abdominal visceral deposition of fat is a major contributor to the development of insulin resistance, diabetes mellitus, hyperlipidaemia and hypertension(2). Visceral adipose tissue (VAT) and intrahepatocellular lipid content (IHCL) are independently and more strongly associated with an adverse metabolic risk profile than subcutaneous adipose tissue(3). 

Regional body fat distribution and ectopic fat deposition can be identified using MRI and 1H-MRS(4). However, such methods require significant technical and financial resources. There is therefore a need for more easily measured biomarkers that predict the extent of visceral and liver fat deposition, and which can thus be used to identify individuals at higher risk of metabolic or cardiovascular disease.

Pancreatic polypeptide (PP) is a member of the PP fold peptide family, and is secreted post-prandially from PP cells of the pancreatic islets of Langerhans. PP has been shown to inhibit food intake, gastric emptying, pancreatic exocrine secretion and gallbladder contraction(5). PP secretion is thought to be primarily under vagal control(6). PP concentrations following an intravenous glucose injection have been reported to be weakly associated with intra-abdominal fat, as measured by computed tomography, in human subjects, though this association was not independent of age or sex(7). However, intravenous glucose has been reported to modulate circulating PP concentrations(8), and fasting PP concentrations may better reflect intra-abdominal vagal tone. Furthermore, intrahepatic fat has been suggested to be a better marker of obesity-associated metabolic complications than visceral fat(9). We hypothesized that variations in visceral parasympathetic activity would alter both VAT deposition and PP release, and thus that obese individuals with increased visceral and liver fat content could be identified by their elevated plasma PP concentrations. 

METHODS
Participants
Participants took part in studies at Imperial College London and University of Surrey that had all been approved by local Research and Ethics committees and were performed according to the principles of the Declaration of Helsinki between December 2007 and September 2012. Subjects were recruited through local advertising and from the obesity clinic. Exclusion criteria included diabetes mellitus, intercurrent/chronic medical or psychiatric illness, pregnancy, alcohol or substance abuse. Written informed consent was obtained from all subjects. Anthropometric measurements (weight, height, waist and hip circumference) were made and body mass index (BMI) and waist: hip ratio (WHR) calculated. 

Biochemical measurements
[bookmark: _GoBack]Blood samples for PP measurement were collected, centrifuged at 4°C and plasma separated and stored at -20°C before being assayed in duplicate using an established in-house radioimmunoassay in the Section of Investigative Medicine, Imperial College London(10) (further details in the Supplementary data). To establish the potential variability of PP measurement in samples collected using different methods, we investigated the effect of the type of tube used for sample collection, time between blood collection and plasma/serum separation and freeze-thaw cycles on plasma PP measurements. The type of tube used to collect blood samples (lithium heparin, lithium heparin tubes containing aprotinin (Trasylol), ethylenediaminetetraacetic acid (EDTA), plain and Serum Separation tubes), the time between blood collection and plasma and serum separation (up to 4 and 5 hours respectively) and freeze-thaw cycle number (up to 4) had no significant effect on measured plasma PP concentrations (Supplementary Table 2 and Supplementary Figure 1).

Plasma insulin, glucose, cholesterol, triglycerides and alanine aminotransferase (ALT) concentrations were analyzed using an Abbott Architect ci8200 analyzer (Abbott Diagnostics, Maidenhead, UK) and Advia 1800 Chemistry System (Siemens Healthcare Diagnostics, Frimley UK). Serum insulin was measured using an Abbott Architect ci8200 analyzer (Abbott Diagnostics, Maidenhead, UK) and a radioimmunoassay kit (Millipore Corporation, Billerica, MA). Fasting insulin and glucose were used to calculate homeostatic model assessment 2-insulin resistance (HOMA2-IR)(11).

Magnetic resonance imaging and spectroscopy of liver fat
Rapid T1-weighted magnetic resonance (MR) images were acquired using a 1.5T Phillips Achiva scanner (Phillips, Best, the Netherlands), as previously described(12). Total and regional adipose tissue volumes (subcutaneous and internal, both further separated into abdominal and non-abdominal compartments) were measured as previously defined(4, 12). Intra-abdominal adipose tissue is referred to as visceral adipose tissue. Intrahepatocellular lipid content (IHCL) was quantified by proton magnetic resonance spectroscopy (1H-MRS) as previously described(13).

Statistical analysis
Analyses were performed using Prism version 5.1 software (GraphPad Software, San Diego, CA, USA) and IBM SPSS Statistics version 22. Sample size calculation showed that 92 subjects were required for a power of 80%, significance level (α) of 0.05, 9 independent variables and a multiple regression coefficient (R) of 0.4. Normally distributed data are presented as mean ± standard deviation and non-normally distributed data as median (interquartile range). The student t-test and Mann-Whitney test were used to test differences between normally distributed and non-normally distributed data sets, respectively. Associations between plasma PP and BMI, total subcutaneous adipose tissue (TSAT), VAT, IHCL and fasting insulin concentrations were examined using Spearman’s rank correlation. Data that were not normally distributed were log-transformed when necessary. Multiple regression analysis was used to examine the association between fasting plasma PP and both VAT and IHCL, while adjusting for a number of potential confounding variables. Logistic regression was used to examine the predictive ability of PP and HOMA2-IR in the diagnosis of hepatic steatosis. A p value less than 0.05 was considered statistically significant.

RESULTS
46 men and 58 women were studied. Demographic, anthropometric and biochemical characteristics, and regional fat distributions of the men and women in the study population are described in Supplementary Table 1. Plasma PP concentrations correlated with VAT (r=0.57, p<0.001) and IHCL (r=0.51, p <0.001). The correlation between fasting PP and IHCL is shown in Supplementary Figure 1. There was a weak but significant correlation between PP and BMI (r=0.24, p=0.02), but not between PP and subcutaneous adipose tissue (r=0.02, p=0.88). There was a significant correlation between fasting PP and insulin concentrations (r=0.34, p<0.001) and between fasting insulin concentration and IHCL (r=0.64, p<0.001) and VAT (r=0.55, p<0.001), as expected. The correlation between fasting PP concentrations and VAT or IHCL remained significant after controlling for fasting plasma insulin concentrations (p<0.001). 

Pancreatic polypeptide and VAT
The association between fasting plasma PP concentrations and VAT was further analysed, controlling for age, gender and HOMA2-IR (Table 1A). The association between fasting plasma PP and visceral adipose tissue remained significant when age and gender were adjusted for in the analysis, but not after adjusting for HOMA2-IR (p=0.07). 

Pancreatic polypeptide and IHCL
Fasting plasma PP concentrations remained an independent predictor of IHCL when age, gender, BMI, WHR, HOMA2-IR and serum concentrations of triglyceride (TG), total cholesterol (TC) and alanine aminotransferase (ALT) were controlled for (Table 1, B). As IHCL was analysed on the log scale, the size of the effect is reported as a ratio. Without any adjustments, a 10-pmol/L increase in PP was associated with a 28% increase in IHCL. After adjustments for all other variables, a 10-pmol/L increase in PP was associated with a 12% increase in IHCL (Table 1, B).

Despite having the same BMI (33.0 vs 32.9, p=0.71), obese individuals with hepatic steatosis (n=35, defined as an IHCL > 5.5%)(13, 14) had a significantly higher median fasting plasma PP than obese individuals without hepatic steatosis (n=29, 34.84 vs 17.66 pmol/L, p=0.0002).

Pancreatic polypeptide and cardiometabolic risk factors
Fasting plasma PP concentrations correlated with serum ALT, TG, total cholesterol, low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, systolic blood pressure and diastolic blood pressure when no adjustments were made, but not after adjusting for either or both IHCL or visceral fat (Supplementary Table 3).

Pancreatic polypeptide and HOMA2-IR:  independent predictors of hepatic steatosis
Table 2 shows the odds ratios (and corresponding confidence intervals) quantifying the association between each variable and the odds of hepatic steatosis. The area under the receiver operating characteristic (ROC) curve (AUC) for each model is reported in table 2. Both PP and HOMA2-IR were independently significantly associated with hepatic steatosis. The area under the ROC curve (89%) was significantly higher for the combination of PP and HOMA2-IR than for either PP or HOMA2-IR alone.

DISCUSSION
We investigated the relationship between fasting plasma PP concentrations, and regional fat distribution and liver fat content. Fasting plasma PP concentrations were significantly associated with visceral, but not subcutaneous, adipose tissue. Visceral abdominal adiposity is strongly related to cardiometabolic risk factors and the prevalence of cardiovascular disease(15). 

In our study, the correlations between fasting plasma PP concentrations and visceral/liver fat were more significant than that between fasting plasma PP concentrations and BMI. Obese patients with hepatic steatosis had significantly higher fasting plasma PP concentrations. Our data suggest that PP is a marker of visceral/liver fat rather than of BMI per se. 

Fasting PP concentrations are a predictor of liver fat. Ectopic fat in the liver may be more important than visceral fat in the determination of metabolically healthy individuals(16). Fatty liver is an independent predictor of type 2 diabetes(17). There is currently no single biomarker that can reliably detect liver fat, which is an independent risk factor for cardiovascular disease(18). A liver fat score incorporating information about waist circumference, serum triglycerides, serum HDL cholesterol, blood pressure, fasting plasma glucose, type 2 diabetes, fasting serum insulin and liver transaminases has been reported to predict non-alcoholic fatty liver disease (NAFLD) and liver fat content(19). While we did not have data for all of the parameters required for calculation of this liver fat score from our study participants, and hence cannot compare its utility for predicting liver fat with that of fasting plasma PP concentration, it would be interesting to directly compare these methods in future studies. Circulating PP measurement was not significantly influenced by a range of different collection methods, suggesting the collection of samples suitable for PP measurement could be performed in a routine clinical setting. Pancreatic polypeptide concentrations were associated with a number of cardiometabolic risk factors, including LDL cholesterol, triglycerides and blood pressure. These associations were mediated by visceral and/or liver fat. Unsurprisingly, HOMA2-IR, a surrogate of insulin resistance, was a predictor of hepatic steatosis. Interestingly, however, fasting PP was an independent predictor of liver fat.

The increased PP levels associated with increased VAT and IHCL may reflect increased abdominal parasympathetic outflow(20). It is also possible that plasma PP levels reflect basal insulin secretion, and that insulin drives adipogenesis in specific depots. However, the correlation between fasting PP concentrations and VAT or IHCL remained significant after controlling for fasting plasma insulin concentrations.

In conclusion, measurement of fasting plasma PP concentrations may be useful in the prediction of visceral and IHCL content. Further work is required to determine whether fasting plasma PP can predict cardiovascular disease and help distinguish metabolically benign and healthy obesity from metabolically abnormal normal weight and obese subjects. Future studies could also investigate whether fasting PP concentrations can predict response to bariatric surgery.
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Tables


	A. Associations between fasting plasma pancreatic polypeptide (PP) concentrations and visceral adipose tissue (VAT)


	Model
	Adjustments
	Coefficient (95% CI) 
	p-value

	1
	None
	0.35 (0.19-0.51)
	< 0.001

	2
	Age
	0.19 (0.04-0.34)
	0.02

	3
	Model 2 + Gender
	0.16 (0.03-0.29)	
	0.02

	4
	Model 3 + HOMA2-IR
	0.11 (-0.01-0.23)
	0.07

	


	B. Associations between fasting plasma PP concentrations and intrahepatocellular lipid (IHCL)


	Model
	Adjustments
	Ratio (95% CI) 
	p-value

	1
	None
	1.28 (1.17-1.40)
	<0.001

	2
	Age, Gender
	1.17 (1.08-1.27)
	<0.001

	3
	Model 2 + BMI, WHR, HOMA2-IR
	1.11 (1.04-1.20)
	  0.004

	4
	Model 3 + TG, total cholesterol
	1.10 (1.03-1.18)
	  0.005

	5
	Model 4 + ALT
	1.12 (1.05-1.19)
	  0.001



Table 1.

A. Associations between fasting plasma pancreatic polypeptide (PP) concentrations and visceral adipose tissue (VAT), while adjusting for age, gender and homeostatic model assessment 2-insulin resistance (HOMA2-IR). The coefficients (and corresponding confidence intervals) indicate the change in VAT for a 10-pmol/L increase in fasting plasma PP concentrations.

B.  Associations between fasting plasma PP concentrations and intrahepatocellular lipid (IHCL), while adjusting for age, gender, body mass index (BMI), waist: hip ratio (WHR), homeostatic model assessment 2-insulin resistance (HOMA2-IR) and serum concentrations of triglyceride (TG), total cholesterol and alanine aminotransferase (ALT). As IHCL was analysed on the log scale, the effect sizes are reported in the form of ratios. The ratios (and corresponding confidence intervals) are reported for a 10-pmol/L increase in fasting PP concentration.


	Model
	Variable
	Odds Ratio (95%)
	p-value
	AUC (95% CI)

	
	
	
	
	

	1
	PP (*)
	2.03 (1.47-2.81)
	<0.001
	0.80 (0.71-0.88)

	
	
	
	
	

	2
	HOMA2-IR
	6.74 (3.05-14.90)
	<0.001
	0.83 (0.76-0.91)

	
	
	
	
	

	3
	PP (*)
	1.93 (1.33-2.80)
	  0.001
	0.89 (0.82-0.95)

	
	HOMA2-IR
	6.99 (2.73-17.84)
	<0.001
	




Table 2. The odds ratios (and corresponding confidence intervals) quantifying the association between fasting plasma pancreatic polypeptide (PP) and homeostatic model assessment 2-insulin resistance (HOMA2-IR) and hepatic steatosis. The odds ratios give the relative change in the odds of hepatic steatosis for a one-unit increase in HOMA2-IR and 10-unit increase in fasting PP. The area under the ROC curve (AUC) and corresponding confidence intervals for each model is shown in the last column.



























Supplementary Methods

Pancreatic Polypeptide Assay

Assay procedure
The pancreatic polypeptide (PP) radioimmunoassay (RIA) was performed by adding 100 µl of sample to 600 µl of 0.05 M phosphate buffer with 0.3 % bovine serum albumin (BSA) w/v containing antibody (titre 1:860,000). The assay was incubated for 3 days of at 4 oC. Bound and free radiolabelled PP were separated by charcoal adsorption of the free fraction using 4mg of charcoal/tube suspended in 0.06M phosphate buffer with gelatine.  The samples were centrifuged at 1500 x g at 4oC for 20 minutes, bound and free label separated by aspiration, and both pellet and supernatant counted in a gamma-counter (model NE1600, Thermo Electron Corporation). All samples were tested in duplicate.

Antibody:
Antisera against human pancreatic polypeptide were produced in New Zealand white rabbits following multiple site immunization with 1 mg of pure human PP coupled to albumin in complete Freund's adjuvant, with booster injections in incomplete Freund's adjuvant (0.5 mg PP per rabbit) (1;2). 

Tracer:
Labelled 125I human PP, with a specific activity of approximately 200 ,µCi/,ug, was prepared by a modification of the conventional Chloramine-T method (3): 10 µg of pure  human PP (Bachem, UK) was iodinated with 1 mCi of carrier free Na125I using 20 µg chloramine-T in 0.04 ml phosphate buffer pH 7.4 for 15 seconds at room temperature. The reaction was terminated by the addition of 48 µg sodium metabisulphite (1). The resulting mixture was then separated by high pressure liquid chromatography using a Gemini 5 µm C18 110 Å 100 x 4.6 mm column. The PP label gave an excess antibody binding of above 90% and a non-specific binding of <2 %. 

Cross-reactivity:
No displacement of radiolabelled HPP from antibody was observed with 1 ng of peptide YY, insulin, glucagon, gastrin, VIP, GIP, or motilin (1). 

Standards:
The standards for the assay were prepared using pure human PP (Bachem, UK) and lyophilised and stored at -20oC. 

Quality controls:
Plasma effects with the antibody are minimal as standard curves produced using buffer and plasma are superimposable (2).  Quality controls at three different concentrations were produced by spiking human plasma with human PP (Bachem, UK).  The minimum detection limit of the assay, as determined by calculating the mean minus two standard deviations of 20 zero standards was 4 pmol/L. The intra-assay coefficient of variation for low, medium and high QCs was 7 % ± 1.7 (n = 4); 8 % ± 3.2 (n = 4); 8 % ± 5.1(n = 4) respectively. The inter-assay coefficient of variation for low, medium and high QCs ± SEM was 6 % ± 1.7 (n = 34); 8 % ± 3.2 (n = 35); 5 % ± 3.1 (n = 35) respectively.

Cross platform study:
Several PP assays (including ours) have been reported using antisera produced by Dr Chance, Eli Lilly, Indianapolis (4-7). These assays are broadly similar, where ionic strength and pH do not appear to be critical. Furthermore, only a single major immunoreactive form of PP, corresponding to the 36 amino acid peptide, has been reported in normal human plasma (4). 
We compared the performance of our PP RIA with a commercial MILLIPLEX® Multiplex Luminex human PP assay (Merck Millipore, Billerica, MA, USA).  Eighteen plasma samples were measured in duplicate using the PP RIA, and twice in duplicate using the Multiplex PP assay. Whole blood was collected into chilled lithium heparin tubes containing the protease inhibitors 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF, A8456 Sigma-Aldrich) and aprotinin (Nordic Phama, UK), to give a final AEBSF and aprotinin concentration of 1 mg/ml and 200 kIU/ml whole blood respectively. Samples were centrifuged at +4°C, and separated plasma was stored at -80°C until assay.
 
Plasma PP concentrations were 56.2 ± 7.5 pmol/L (8.6-250.7) (mean ± SEM (range)) for the Hammersmith assay, and 56.4 ± 8.1 pmol/L (14.5-280.6) for the Milliplex assay (p=0.95). For the Milliplex PP assay, intra-assay coefficient of variation was 6.0%.

Regarding the relationship between the measured PP concentrations in the two assays, the Pearson correlation coefficient was +0.98, P<0.0005, and intraclass correlation coefficient was 0.97, indicating excellent assay consistency. The statistical analysis was performed using SPSS v22, IBM Corp, USA.

Sample stability
Previous studies found human PP is extremely stable. No significant difference in endogenous or added plasma PP is detectable in whole blood left at 25oC for 24 hours, in sterile plasma at 25oC for 10 days, or in samples which have been freeze-thawed 20 times (2). 

In addition to these results we compared the further sample collection protocols for this study. The effect of the type of tube used for sample collection, time between blood collection and plasma/serum separation and freeze-thaw cycles on plasma PP measurements was investigated. 

[bookmark: OLE_LINK1]
Investigating the effect of collection protocol on PP-immunoreactivity
Blood samples were collected from 8 normal weight subjects to assess the effects of collection tube type, time until plasma/serum separation and freeze-thaw cycles on pancreatic polypeptide-immunoreactivity (PP-IR) concentrations. For each subject, blood samples were collected in Lithium Heparin (LiH) tubes, Lithium Heparin tubes containing 200µl (2000 KIU) aprotinin (Trasylol, Bayer plc Berkshire U.K.) (LiH(Ap)), ethylenediaminetetraacetic acid (EDTA) tubes and Citrate tubes, and serum samples in  Plain and Serum Separation Tubes (SST). At 0, 1 or 4 hours post collection, plasma samples were centrifuged at 1600g 4°C for 15minutes, the supernatant removed and frozen at -20°C. Serum samples in the Plain and SST tubes were separated and frozen as above at 1, 2 or 5 hours after collection to allow clot activation to occur. Supernatant from the LiH(Ap) tube separated immediately was separated into four aliquots. These aliquots were frozen at -200C and subsequently thawed and maintained at room temperature for an hour before being frozen again, 1, 2, 3 or 4 times before assay. 

PP-IR was measured in 100µl samples in duplicate by RIA. Hormone levels are expressed as % change from the samples taken in the LiH(Ap) tube, separated immediately and undergoing a single freeze-thaw cycle  SEM. The effect of collection tube type and time to separation were compared with the use of two-way analysis of variance (ANOVA). 



PP-IR chromatographic profiles in human plasma samples
Reversed phase fast protein liquid chromatography (FPLC) was used to investigate the chromatographic character of PP-IR in circulation, and the effect of multiple freeze-thaw cycles. Blood samples were taken post-prandially from three normal weight subjects in LiH(Ap) tubes. Plasma was immediately separated, frozen and then freeze-thawed a total of four times. Sep-Pak C18 cartridges (Waters Milford, CT, USA) were activated using 100ml of 100% methanol and then 20ml distilled water.  Of the plasma, 1.5ml was mixed with 1.5ml 0.1M HCL and passed through the cartridge 10 times. The cartridge was then washed with 10ml of 4% acetic acid. The Sep-Pak bound sample was then eluted in 1.5ml of methanol and dried in a Savant vacuum centrifuge (model SPD 2010, Thermo Electron Corporation). 

FPLC and RIA were used to separate and quantify PP-IR in plasma samples.  All reversed phase FPLC was carried out on a Pharmacia FPLC system connected to a high resolution reversed phase (Pep Reversed Phase Column 1ml High Resolution) C-18 column (Pharmacia, Uppsala Sweden). Human PP, peptide YY and neuropeptide Y standards were dissolved in distilled water plus 0.05 % trifluoroacetic acid (TFA) (v/v) to a concentration of 1pmol/ml. Dried plasma samples were dissolved in 1.1 ml distilled water plus TFA 0.05% (v/v). Of this volume, 0.8ml was fractionated by reversed phase FPLC. The column was eluted with a 22-35% gradient of acetonitrile (ACN) 0.05% (v/v) TFA/water 0.05% (v/v) TFA over 60 minutes. Fractions from all runs were dried in a Savant vacuum centrifuge (as above), reconstituted in 500µl assay buffer and PP content determined by RIA. Immunoreactivity of each fraction was calculated as percentage of the total IR recovered from the total sample. PP-IR was expressed as mean ± standard error of the mean (SEM) (PP standard n=4, human plasma n=3). The remaining 300µl was used to calculate the percentage recovery.  

Supplementary Results

The effect of collection protocol on PP-immunoreactivity
PP-IR levels were not significantly altered by either blood collection tube type (P=0.623) or time until separation (P=0.507). There was no significant correlation between freeze-thaw cycle number and % change in PP (r2=0.00238, p=0.791). (Table 1)

PP-IR chromatographic profiles in human plasma samples
Reversed phase FPLC of PP standard gave a single major PP-IR peak eluting at 26.4% ACN (Figure 1(a)). Human plasma samples gave a similar elution profile with a single peak at 26.4% ACN (Figure 1 (b)). The percentage IR recovery from the column was 71.6 ±3.8% for the PP standard and 68.3 ±3.8% for the plasma samples.
 
The reversed phase FPLC of human plasma samples following four freeze-thaw cycles gave an elution profile similar to that of PP standard and human plasma, with a single major peak at 26.4% ACN (Figure 1(c)). The percentage IR recovery from the column was 66.9 ±5.4%. 












	Characteristics
	Male
	Female
	Total

	Number 
	46
	58
	104

	Age (years)
	50.5 (40.0-59.3)
	47.0 (29.8-56.3)
	49.0 (36.3-58.0)

	BMI (kg/m2)
	29.9±2.9
	31.1±3.8
	30.6±3.5

	WHR
	0.98±0.07*
	0.86±0.09
	0.91±0.10

	Fasting PP (pmol/l)
	29.8 (22.9-38.8)*
	19.9 (11.9-34.4)
	25.7 (15.7-36.2)

	HOMA2-IR 
	1.9 (1.0-2.6)*
	1.3 (0.8-1.8)
	1.4 (0.9-2.2)

	Total cholesterol (mmol/l)
	5.5±0.8
	5.2±1.0
	5.3±0.9

	HDL cholesterol (mmol/l)
	1.1±0.3*
	1.4±0.3
	1.3±0.3

	Triglyceride (mmol/l)
	1.5 (1.0-2.3)*
	1.2 (0.8-1.4)
	1.2 (0.9-1.7)

	ALT (u/l)
	37.0 (30.0-57.5)*
	20.5 (14.3-28.0)
	28.0 (17.5-37.0)

	TAT (l)
	33.1±9.2*
	41.7±9.9
	37.9±10.5

	TSAT (l)
	23.6±6.9*
	35.3±8.8
	30.2±9.9

	ASAT (l)
	7.3±2.6*
	10.6± 3.4
	9.1±3.5

	NASAT (l)
	16.3±4.4*
	24.8±5.8
	21.0±6.7

	TIAT (l)
	9.5±3.2*
	6.3±2.5
	7.7±3.2

	VAT (l)
	5.5±2.0*
	3.3±1.7
	4.3±2.1

	IHCL (%)
	9.8 (2.8-24.0)*
	1.7 (0.8-6.3)
	3.7 (1.2-14.1)




Supplementary Table 1. Demographic, anthropometric and biochemical characteristics, and regional fat distributions of the men and women included in the study. Results are shown as (mean ± standard deviation) or median (interquartile range). ALT: alanine aminotransferase, ASAT: abdominal subcutaneous adipose tissue, HOMA2-IR: homeostatic model assessment 2-insulin resistance, IHCL: intrahepatocellular lipid, NASAT: non-abdominal subcutaneous adipose tissue, PP: pancreatic polypeptide, TAT: total adipose tissue, TIAT: total internal adipose tissue, TSAT: total subcutaneous adipose tissue, VAT: visceral adipose tissue. Adipose tissue deposits are in liters (l). * p<0.01 vs female








	
	Time to separation (hrs)

	Tube type
(Plasma)
	0
	1
	4

	LiH(Ap)
	0±13
	4±5
	1±10

	LiH
	5±7
	2±5
	-5±7

	EDTA
	2±6
	6±8
	5±9

	Citrate
	-4±8
	-4 ±8
	-7±8

	
	Time to separation (hrs)


	Tube type
(Serum)
	1
	2
	5

	Plain
	-5±4
	-8±8
	-3±11

	SST
	2±8
	-6±7
	-9±6

	[bookmark: OLE_LINK2]F/T cycle
	Percentage Change from PP content following one F/T cycle 

	1
	0±16

	2
	-7±4

	3
	5±4

	4
	-6±6



Supplementary Table 2. Percentage change in pancreatic polypeptide (PP) concentrations from PP content of samples taken in LiH(Ap) tubes that were separated immediately (n=8), and change from PP content following one freeze-thaw (F/T) cycle (%±SEM). LiH: Lithium Heparin, LiH(Ap): Lithium Heparin tubes containing 200µl Aprotinin (Trasylol), EDTA: ethylenediaminetetraacetic acid, SST: Serum Separation Tubes.










	Variable
	Adjustment
	Correlation Coefficient
	p-value

	
	
	
	

	ALT (*)
	None
	 0.34
	 0.001

	
	IHCL
	 0.04
	 0.69

	
	VAT
	-0.001
	 0.99

	
	IHCL and VAT
	-0.07
	 0.52

	
	
	
	

	Triglycerides (*)
	None
	 0.30
	 0.002

	
	IHCL
	-0.02
	 0.84

	
	VAT
	 0.06
	 0.52

	
	IHCL and VAT
	-0.05
	 0.66

	
	
	
	

	Total cholesterol
	None
	 0.30
	 0.002

	
	IHCL
	 0.13
	 0.21

	
	VAT
	 0.15
	 0.13

	
	IHCL and VAT
	 0.10
	 0.31

	
	
	
	

	LDL cholesterol
	None
	 0.28
	 0.01

	
	IHCL
	 0.14
	 0.20

	
	VAT
	 0.13
	 0.25

	
	IHCL and VAT
	 0.10
	 0.35

	
	
	
	

	HDL cholesterol 
	None
	-0.22
	 0.03

	
	IHCL
	-0.03
	 0.75

	
	VAT
	-0.01
	 0.94

	
	IHCL and VAT
	 0.02
	 0.84

	
	
	
	

	Systolic blood pressure
	None
	 0.30
	 0.003

	
	IHCL
	 0.09
	 0.38

	
	VAT
	 0.08
	 0.44

	
	IHCL and VAT
	 0.03
	 0.74

	
	
	
	

	Diastolic blood pressure
	None
	 0.22
	 0.03

	
	IHCL
	 0.08
	 0.42

	
	VAT
	 0.09
	 0.38

	
	IHCL and VAT
	 0.06
	 0.58

	
	
	
	




Supplementary Table 3. Correlations and partial correlations (controlling for IHCL and VAT) between fasting plasma PP and a number of cardiometabolic risk factors. (*) Variable analysed on log scale. ALT: alanine aminotransferase, HDL cholesterol: high-density lipoprotein cholesterol, IHCL: intrahepatocellular lipid, LDL cholesterol: low-density lipoprotein cholesterol, VAT: visceral adipose tissue.
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Supplementary Figure 1. Reversed phase fast protein liquid chromatography (FPLC) pancreatic polypeptide (PP) immunoreactivity (IR) profiles of (a) PP standard (n=4) (b) human plasma (n=3) and (c) human plasma following 4 freeze-thaw cycles (n=4). ACN: acetonitrile. Arrows indicating elution points of major IR peaks of neuropeptide Y (NPY) and peptide-YY (PYY) standards.
[image: ]
Supplementary Figure 2. Correlation between log fasting PP concentrations and log IHCL (p<0.001).
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