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Targeted proteomics analysis in
type 1 diabetes identifies lower
agouti-related protein levels

in individuals with impaired
hypoglycaemia awareness
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Henk-Jan Aanstoot®3, Andrew Paterson®*5, Bruce H. R. Wolffenbuttel®?,
Melanie M. van der Klauw®! & Dutch Type 1 Diabetes Biomarker Group*

Impaired awareness of hypoglycaemia (IAH) is a complication of diabetes treatment, whereby
individuals are no longer able to feel an oncoming hypoglycaemic event. IAH may be a result of central
nervous system adaptation to low recurrent hypoglycaemias, however the precise pathways involved
remain unknown. This study employed proteomics analysis to explore potential pathophysiological
pathways in IAH, using a nested case-control design within the Dutch Type 1 Diabetes Biomarker
study. The Olink® Cardiovascular Il panel was used for targeted proteomics, comparing 67 individuals
with IAH to 108 age- and sex-matched individuals with normal awareness of hypoglycaemia (NAH).
Univariate analysis revealed that agouti-related protein (AGRP) levels were significantly lower in
individuals with IAH compared to NAH (6.12 NPX vs. 6.44 NPX, FDR-adjusted P=0.012). In multivariate
models adjusted for sex and diabetes duration, AGRP remained significant before p-value adjustment
(P<0.001) but not after adjusting for false discovery rate (FDR) (P=0.057). AGRP, known for its
orexigenic effects and expression in the arcuate nucleus of the hypothalamus, is involved in glucose
sensing and hypothalamic-pituitary-adrenal (HPA) axis stimulation, suggesting its potential role in the
pathophysiology of IAH. This study highlights the need for further research to clarify AGRP’s role and
its possible implications for managing IAH in diabetes.
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The occurrence of hypoglycaemia can be a limiting factor to achieve optimal glucose regulation by insulin in
individuals with type 1 diabetes. On average, individuals with type 1 diabetes have around two non-severe
hypoglycaemic events per week, and at least one severe hypoglycaemic event per year. Modern insulin
treatment by (hybrid) closed-loop systems can mitigate these risks”. But the greatest risk factor for hypoglycaemia
is an impaired ability to perceive a decrease in blood glucose and to respond to this in an adequate and timely
manner?. This phenomenon is called impaired awareness of hypoglycaemia (IAH). Individuals with IAH have
up to a 6-fold increased risk of having a severe hypoglycaemic event?. In addition to the cognitive disruption
and detrimental psychosocial consequences of hypoglycaemia®, there are also significant deleterious effects on
cardiovascular health and increased (cardiovascular) mortality’. Understanding and appropriately managing
IAH can significantly reduce the risk of a hypoglycaemic event as well as improve overall quality of care.
Despite the exact pathophysiology of IAH remaining unknown, it is well understood that the counterregulatory
response (CRR) is affected in individuals with IAH®. Individuals with type 1 diabetes and advanced type 2
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diabetes rely on the sympathetic nervous system to mount an epinephrine response due to the relative
hyperinsulinemia during hypoglycaemia, and the inability to release a sufficient glucagon response”?. There is
a general consensus that adaptive changes, or habituation, occurs in the central nervous system in response to
recurrent hypoglycaemia, leading to IAH®. These adaptations have been observed in brain glucose transport,
cerebral blood flow, glucose- and alternate fuel- metabolism in the brain®. Moreover, both animal and human
models have extensively mapped the cerebral glucose sensing in response to hyper- and hypoglycaemia. Glucose
thresholds for glucose-inhibited and glucose-excited neurons have been hypothesized to adapt in response to
recurrent hypoglycaemia®!?. In response to a drop in blood glucose, these glucose-sensing pathways signal the
hypothalamus-pituitary-adrenal axis that initiates the sympathoadrenal response'?. The function of glucose-
sensing brain regions and networks is therefore paramount for an adequate response to blood glucose decrease.
However, we still are far from fully understanding the aetiology of IAH.

IAH is likely a consequence of a combination of genetic, environmental, and adaptive triggers. Though
hypotheses driven studies have elucidated potential causes of IAH, a non-hypothesis driven approach may
identify novel pathways, otherwise missed by traditional hypotheses driven approaches!!. As high-throughput
methods have become increasingly easier to conduct and the cost of -omics technologies more affordable, such
methods have become more popular in investigating disease mechanisms. By investigating disease states at the
genetic, protein, and metabolite levels, a more complete picture of disease mechanisms can be understood. In
this study, we conducted a targeted proteomics analysis in plasma from individuals with type 1 diabetes with
and without IAH matched for sex and age. Investigating the differentially expressed proteins between those with
and without IAH can help to identify novel pathways that may be associated with the development and/or the
occurrence of IAH.

Results

From the 611 individuals participating in Dutch type 1 diabetes Biomarkers cohort, 431 were eligible for
inclusion (Fig. 1). Selection of cases (IAH) and controls, individuals with normal awareness of hypoglycaemia
(NAH), led to the inclusion of 176 individuals.

In total, 162 individuals and 83 proteins passed quality control (Limit of detection (LOD)>75%) and were
included in the analysis. Characteristics of the included individuals are included in Table 1. The median age and
diabetes duration were 43 and 22 years, respectively. Individuals with IAH were significantly older than those
with NAH and had a longer diabetes duration. Included individuals were 41% male. Median insulin use was 50
units per day, significantly lower in the IAH group, and mean HbA1lc was 61 mmol/mol (7.7%).

Differential NPX of proteins is shown in Fig. 2. Proteins with negative effect size estimates had lower levels
in individuals with IAH in comparison to NAH, whilst positive effect sizes indicate higher levels in individuals
with IAH. Agouti-related protein (AGRP) was significantly lower in individuals with IAH in comparison
to those without IAH after false discovery rate (FDR) correction of P-values (6.12 NPX vs. 6.44 NPX, FDR
adjusted P=0.012, p=0.98). When adjusted for sex and diabetes duration, AGRP reached near significance
after adjustment for FDR (P=0.057, B =0.79). A further 9 proteins were found to be significant in the univariate
analysis before P-value adjustment, annotated in Fig. 2.

Differentially expressed proteins in the multivariate model adjusted for sex and diabetes duration were
largely similar as the univariate analysis and are shown in Fig. 3. Proteins that lost significant after multivariate
adjustment are shown in supplementary Fig. 1. Sensitivity analyses with C-peptide, HbAlc, and medication use
resulted in similar top differentially expressed proteins.

Figure 4 shows the ROC analysis for AGRP. The area under the curve was 0.66.

Discussion

In this hypothesis-generating proteomics study, 8 proteins of interest were identified. AGRP, Interleukin- receptor
alpha (IL-4RA), Pentraxin-related protein (PTX3), Serpin family A member 12 (SERPINA12) showed lower
levels of expression in individuals with IJAH. Whilst, NF-kappa-B essential modulator (NEMO), 2,4-dienoyl-
CoA reductase 1 (DECR1), Interleukin-1 receptor-like 2 (IL1RL2), and Interleukin-16 (IL16) were expression
as higher in those with IAH. In particular, AGRP expression was lower in individuals with IAH and significant
before adjusting for sex and diabetes duration and FDR, and it reached near significance after accounting for
these adjustments.

Agouti-related protein, or AGRP, is a well described peptide involved in energy balance. AGRP is expressed in
the hypothalamus and adrenal glands, and its overexpression in the hypothalamus is related to hyperphagia and
obesity, through its antagonistic effects on melanocortin-3 receptor and melanocortin-4 receptor'2. In contrary,
deficiency in AGRP has been associated with increased metabolic rate, resistance to fat accumulation, and a
decrease in body weight!'2. AGRP expression has been hypothesized to be an important mechanism to respond
to hypoglycaemia both through its effects on satiety as well as on the counter regulatory response!'>!. In fasted
states, the hypothalamic-pituitary-adrenal (HPA) axis is likely activated by AGRP neurons in the arcuate nucleus
(ARC) through projections to the paraventricular hypothalamus (PVH) and lateral hypothalamus (LH)'°. These
projections can stimulate the sympathetic and parasympathetic nervous system in response to changes in
glycaemic state. In particular, the catecholamine release after sympathetic activation increases glucagon release,
which is essential in individuals with type 1 diabetes and advanced type 2 diabetes. Additionally, the release of
corticotropin-releasing factor (CRF) in the PVH can be stimulated leading to an increased release of ACTH and
an increase in cortisol'>. AGRP is also highly expressed in the adrenal medulla, and has been hypothesized to
exert local paracrine/autocrine effects on steroidogenesis'®. Neurons in the arcuate and paraventricular nucleus
are particularly of interest as they are heavily involved in glucose sensing, which may be influenced in individuals
with TAH'. In rodent models, tyrosine hydroxylase expressing neurons of the nucleus of solitary tract (NTS)
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Fig. 1. Flowchart eligibility, inclusion/exclusion of the proteomics analysis. QC = Quality Control.

projecting to the ARC have been shown to regulate glucoprivic feeding through adrenergic modulation of AGRP
and pro-opiomelanocortin (POMC)'?. Recurrent hypoglycaemias have been hypothesized to alter the threshold
of glucose sensing neurons, which may result in alteration in AGRP release in the arcuate nucleus!”!®. Previous
studies have shown that antecedent hypoglycaemia has a dampening effect on sympathetic activation, with lower
circulating levels of cortisol and epinephrine being measured in plasma in response to hypoglycaemia'®.

In our study, we observed that AGRP protein levels were lower in individuals with IAH in comparison to
NAH. Previous studies have demonstrated that circulating plasma AGRP correlate strongly with AGRP levels
in the brain®. Moreover, it has been shown to cross the blood brain barrier?!. We therefore hypothesize that
there may be a reduction in the activation of the HPA axis through the ARC/PVH pathways, which is reflected
in the circulating AGRP. This may be a result of changes in glucose-sensing thresholds through habituation of
AGRP/NPY neurons in the ARC or PVH, however, may also be a consequence of a less robust catecholaminergic
response. Whether our findings are causal, or a consequence of IAH remains to be investigated, however, it
demonstrates the potential importance of AGRP in IAH.

In addition to AGRP, other proteins were found to be expressed differently. DECRI1, or dienoyl-CoA
reductase, was more highly expressed in those with IAH and is an important enzyme in beta oxidation of
polyunsaturated fatty acids. In individuals with defective mitochondrial fatty acid oxidation, a hypoketotic
hypoglycaemia can occur after fasting or physical exercise, as a result of insufficient acetyl-CoA moieties for
ketone body production?’. Specifically, in DECR (-/-) mice, fasting induced hypoglycaemia, however, this was
independent of ketogenesis; suggesting a role in impairment of gluconeogenesis*®. An upregulation of DECR1
could therefore be an adaptive advantage in individuals with recurring hypoglycaemias to facilitate easier
transition to ketogenesis and potentially gluconeogenesis.

Some proteins related to inflammation, such as IL-4RA, IL-16, and NEMO, were also found to be
differentially expressed between those with and without IAH. Previous studies have demonstrated long-
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Total n=162 NAH (n=97) IAH (n=65)
Age, years 43 [24-57] 26 [22-53] 50 [37-59] ***
Diabetes duration, years 22 [15-34] 18 [14-29] 27 [20-38] ***
Age at onset, years 12 [6-21] 10 [5-1] 18 [10-15] ***
Sex, male (%) 66 (41) 42 (43) 24 (37)
BMI, kg/m? 26.7+3.8 26.3+3.9 27.3+3.7
CSII, yes (%) 99 (61) 97 (62) 39 (60)
Daily insulin dosage
IU/day 50 [40-68] 54 [43-70] 46 [37-59] *
IE/kg/day 0.64 [0.51-0.85] | 0.72 [0.58-0.86] | 0.57 [0.47-0.71] **
HbA1c, mmol/mol 61+13 61+14 60+11
HbAlc, % 7.7+1.2 7.8%£1.2 7.6£1.0
Fasting glucose, mmol/L 9.8+4.1 9.7£4.5 10.1£3.5
C-peptide, % detected 17% 18% 16%
Microvascular complications, yes (%) | 60 (74) 24 (69) 36 (78)
Creatinine, pmol/L 70 [62-81] 71 [62-81] 69 [60-79]
eGER, ml/min/1.73 m? 93 [81-109] 99 [80-113] 91 [83-101]
Albumin creatinine ratio, mg/mmol | 0.66 [0.39-1.27] | 0.67 [0.42-1.27] | 0.59 [0.27-1.27]
Antihypertensive medication, (%) 39 (24) 17 (18) 22 (26) *
Lipid lowering medication, (%) 41 (25) 18 (19) 23 (36) *

Table 1. Participant characteristics stratified by awareness status. BMI=Body mass index, CSII = continuous
subcutaneous insulin infusion, eGFR = estimated glomerular filtration rate.

term effects of hypoglycaemia on the inflammatory response, with increases in circulating lymphocytes and
monocytes of up to 1 week after hypoglycaemia in individuals with type 1 and type 2 diabetes*». This increase
has been linked to the activation of the inflammatory response and correlated strongly with the adrenaline
response after a hypoglycaemia. In individuals with type 2 diabetes, IL-6, FGF-21, and FGF-23 expression was
increased after antecedent induced hypoglycaemia®*. In our study, we found some inflammatory proteins to be
differentially expressed, however FGF-21 did not show differential expression in our study. This is comparable to
existing literature, where peripheral blood mononuclear cells (PMBCs) from individuals with TAH undergoing
hypoglycaemia showed less cytokine response after stimulation in comparison to those without IAH?.

SERPINA12 is an adipokine that regulates insulin action by inhibiting serine-type endopeptidase activity.
Circulating SERPINA12 has been reported to be higher in individuals with obesity, insulin resistance, and
type 2 diabetes?®?”. This is hypothesized to be a compensatory mechanism, whereby SERPINA12 expression is
increased to ameliorate insulin sensitivity””. In our study we found lower levels of SERPINA12 in individuals
with IAH. This may be due to more insulin sensitivity in the IAH group, resulting in less compensatory need
for SERPINA12 expression. In our study, individuals with IAH had similar HbA1c to those with NAH, however
daily insulin dose was lower. This could potentially suggest that these individuals are more insulin sensitive.
However, other factors such as lipid lowering medication and antihypertensive medications can influence these
results. Further studies may be of interest to investigate whether this is also a compensatory mechanism in IAH.

Limitations of our study include the restriction of the proteomics analysis to the CVD II O link panel and
not an MS approach. This decision was made in order to balance the exploratory nature of the study with
interpretability, and to sustain enough power in the analyses. Moreover, another limitation is that the analysis
was limited to the cardiovascular panel and the measurement in plasma, which may not be ideal to investigate
adaptations in the brain. However, as mentioned previously, circulating plasma AGRP has been shown to
correlate well with brain AGRP secretion and is known to cross the blood brain barrier?!. Therefore, despite no
direct measurements in the CSE, which is an invasive procedure, circulating AGRP likely accurately represents
cerebral fluctuations.

Further limitations include the use of an arbitrary unit of protein expression makes the comparability to
other populations challenging. Differences measured in expression levels were also small and due to the cross-
sectional nature of this study, the associations found will need to be further investigated in either experimental
or longitudinal studies to elucidate any causal associations. As well as include measurements in healthy controls
to enable comparison to normal levels.

Strengths of this study include the novelty of this proteomics approach in investigating IAH and the large
sample size. Moreover, the differential expression of AGRP was robust with great significance in univariate
analyses and a consistent signal after adjusting for potential confounders. Sensitivity analysis including potential
confounders such as HbA ¢, fasting glucose, and C-peptide also did not alter the results of the study.

In conclusion, we found significantly lower levels of AGRP in individuals with IAH. IL-4RA, NEMO, PTX3,
SERPINA12, DECRI, ILIRL2, and IL16 were also differentially expressed between those with and without IAH.
Findings in this study will need to be confirmed and validated in future studies but provides interesting new
pathways to investigate in relation to IAH.
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Fig. 2. Volcano plot of differentially expressed proteins in Olink CVD II panel based on Student’s t-test.
The x-axis shows effect sizes; the y-axis shows —-log10(raw P-values). In red, proteins significant after FDR
correction. Annotated proteins in blue are those with significant raw P-values before FDR correction.

Methods

In this nested case-control study, plasma proteins from individuals with and without IAH were measured from
the Dutch type 1 diabetes Biomarkers study. This study has been described in detail elsewhere?. In summary,
this was a prospective cohort and data/biobank of individuals > 16 years of age with type 1 diabetes. Data from
baseline measurements were included if individuals had completed the validated Dutch translation of the Clarke
questionnaire and were Western European®. Individuals were excluded if they had a diabetes duration of <
10 years and had cardiovascular disease (CVD), as IAH is more prevalent in individuals with longer diabetes
duration. In addition, CVD is known to influence metabolic profiles®.

Definition of IAH

Individuals were considered to have IAH if they scored > 3 on the Dutch Clarke questionnaire (maximum score
= 5), this scoring has been validated in previous studies?. Nearest neighbour matching was used to match all
individuals with TAH to sex and age matched controls (NAH) by 1:1.6 using the Matchlt package in R.

Blood samples

Blood samples for serum C-peptide measurements were collected in the fasting state, when possible, between
8:00 and 10:00. Routine laboratory data including HbAlc, lipid profile, serum creatinine and urinary albumin
excretion were either collected on the same day, or obtained from medical records within the last year. C-peptide
was measured by an immunoradiometric assay (IM3639, Beckman Coulter, Brea, California, USA). The limit of
quantitation was 3.8 pmol/L, and interassay coefficient of variation (c.v.) was 9.1% at 6.5 pmol/L.

Protein level

Blood samples were taken in 10 ml EDTA BD Vacutainer after an overnight fasting period whenever feasible.
Following collection, the samples were centrifuged at 1300 g for 10 min, and the resulting supernatants
were divided into 2 ml tubes. These aliquoted samples were then stored at -80 °C until needed for analysis.
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Fig. 3. Violin plots of the most significant differentially expressed proteins identified by multivariate
regression analysis adjusting for sex and diabetes duration. P-values are adjusted for multiple testing using

the false discovery rate (FDR). IAH, impaired awareness of hypoglycemia (red); NAH, normal awareness of
hypoglycemia (blue).
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Fig. 4. ROC analysis for Agouti related peptide (AgRP).
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Plasma samples selected for inclusion were transported on dry ice to the Helmholtz Institute and subsequently
maintained at -80 °C until they were thawed for analysis.

Protein level was measured using the Olink Target 96 Cardiovascular panel II. This panel includes 92
proteins known to be involved in cardiovascular disease, as well as inflammatory markers and some exploratory
proteins (Supplementary Table 1). Proteins are measured through proximity extension assay technology (Olink
Proteomics AB, Uppsala, Sweden), using 1 pL of plasma per sample, according to the manufacturer’s instructions.
Data are expressed as Normalized Protein Expression (NPX) units on a log2-scale. NPX values are an indication
of relative expression of each protein.

Quality control was conducted using internal controls to assess the performance of the assays and the quality
of individual samples. Intra and inter assay coefficient of variances (CV) were also calculated, and proteins
with <15% intra-assay CV and <25% inter-assay CV were selected for further analysis. Moreover, only proteins
measured in at least 75% of the samples were included in the analysis.

Statistical analysis

All statistical analyses were conducted using R Statistical Software (version 4.3.1). Descriptive statistics of
demographic and anthropometric data are given as means with standard deviations, median with 25th and 75th
quantile, or counts with percentages. Statistical differences were analysed with the students t-test, Kruskal-Wallis
test, or X test, where appropriate.

Proteomics data analysis was conducted using the OlinkAnalyzer package in R*!. Univariate analyses
were conducted using Student’s t-test to compare protein expression between groups. Multivariate analyses
was conducted using ANCOVA models to adjust for covariates, sex and diabetes duration. For proteins with
significant raw P-values in the multivariate analysis, post-hoc ANOVA was applied. Sensitivity analyses were
conducted by running models adjusted for HbAlc, fasting glucose, C-peptide and medication use. For both
t-tests and ANCOVA analyses, raw P-values and P-values adjusted for false discovery rate (FDR) using the
Benjamini-Hochberg procedure are reported. Additionally, receiver operating characteristic (ROC) analysis was
conducted for AGRP, including calculation of the area under the curve (AUC) and visualization.

No formal sample size calculations were made as this was an exploratory study.

Data availability

The data are not publicly available due to privacy or ethical restrictions. However, the data of the study are
available upon reasonable request to the Dutch type 1 Diabetes Biomarkers Study group. Contact information:
bwo@umcg.nl.
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