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Abstract
Context: Active acromegaly is characterized by lipolysis-induced insulin resistance, which suggests adipose tissue (AT) as a primary driver of 
metabolic aberrations.
Objective: To study the gene expression landscape in AT in patients with acromegaly before and after disease control in order to understand the 
changes and to identify disease-specific biomarkers.
Methods: RNA sequencing was performed on paired subcutaneous adipose tissue (SAT) biopsies from six patients with acromegaly at time of 
diagnosis and after curative surgery. Clustering and pathway analyses were performed in order to identify disease activity-dependent genes. In a 
larger patient cohort (n = 23), the corresponding proteins were measured in serum by immunoassay. Correlations between growth hormone (GH), 
insulin-like growth factor I (IGF-I), visceral AT (VAT), SAT, total AT, and serum proteins were analyzed.
Results: 743 genes were significantly differentially expressed (P-adjusted < .05) in SAT before and after disease control. The patients clustered 
according to disease activity. Pathways related to inflammation, cell adhesion and extracellular matrix, GH and insulin signaling, and fatty acid 
oxidation were differentially expressed.

Serum levels of HTRA1, METRNL, S100A8/A9, and PDGFD significantly increased after disease control (P < .05). VAT correlated with HTRA1 
(R = 0.73) and S100A8/A9 (R = 0.55) (P < .05 for both).
Conclusion: AT in active acromegaly is associated with a gene expression profile of fibrosis and inflammation, which may corroborate the hyper- 
metabolic state and provide a means for identifying novel biomarkers.
Keywords: growth hormone, IGF-I, RNA sequencing, DXA, disease activity biomarker, cytokines

Significance

The study is the first to investigate by RNA sequencing the gene expression of subcutaneous adipose tissue in paired samples from 
patients with acromegaly before and after disease control. It demonstrates that active acromegaly increases the expression of 
genes related to inflammation, extracellular matrix, collagen, and lipid oxidation, supporting and supplying previously published 
data. The altered appearance and function of adipose tissue drive the disease-specific metabolic aberrations. Additionally, 
HTRA1, METRNL, S100A8/A9, and PDGFD changed at the protein level in the circulation and correlated to the estimated adi-
pose tissue depots (by dual-energy X-ray absorptiometry [DXA]) and disease activity markers (GH and IGF-I). These proteins’ 
usefulness as novel biomarkers of disease activity and metabolic risk in acromegaly merits future consideration.
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Introduction
Acromegaly is a systemic disease caused by a pituitary soma-
totropinoma, leading to growth hormone (GH) 

hypersecretion and elevated insulin-like growth factor I 
(IGF-I) levels.1 Modern therapy consists of three modalities: 
surgery, pharmacological treatment, and radiotherapy.1,2
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Immediate and sustained cure can be achieved by surgery, but 
the size and configuration of the tumor limit the overall surgi-
cal cure rate to approximately 50%.2-4 GH and IGF-I in serum 
are used to assess disease control2, but frequently show dis-
cordant results.5-7 Thus, novel biomarkers of disease activity 
are needed.

Subcutaneous adipose tissue (SAT) and visceral adipose tis-
sue (VAT) represent the main compartments of adipose tissue 
(AT) in humans. Increased VAT is associated with insulin re-
sistance and several lifestyle disorders in the general popula-
tion.8 However, active acromegaly displays insulin resistance 
despite a lean rather than obese phenotype.9,10 This apparent 
paradox reflects that GH directly stimulates lipolysis and the 
ensuing elevated levels of free fatty acids induce insulin resist-
ance.11,12 Recent evidence suggests that GH primarily sup-
presses insulin-dependent anti-lipolysis in both muscle and 
fat in healthy human subjects and patients with active acro-
megaly.11,13 In addition, inflammatory adipokines may con-
tribute to insulin resistance in acromegaly.12,14 Recent 
studies emphasize the association between insulin resistance 
and SAT due to the mere volume of the latter.15 Further, in-
flammation and macrophage infiltration of SAT may facilitate 
the process.16 Conversely, there is also evidence that SAT may 
protect against insulin resistance via capture and subsequent 
storage of circulating free fatty acids.17-19

The aim of the current study was to map gene expression in 
adipose tissue in patients with acromegaly before and after dis-
ease control obtained by pituitary surgery in order to charac-
terize the changes and identify potential biomarkers of disease 
activity.

Material and methods
Patients and samples
Paired SAT biopsies for RNA sequencing (RNA-seq) were col-
lected from six treatment-naïve patients with acromegaly at 
diagnosis and after disease control by transsphenoidal surgery 
only. Patients were followed at Aarhus University Hospital 
(AUH), Aarhus, Denmark, and were selected based on disease 
control obtained by surgery alone. These patients participated 
in a study from which data has previously been published.13

From Oslo University Hospital (OUS), Oslo, Norway, 17 add-
itional patients were included for further investigation by im-
munoassay (enzyme-linked immunosorbent assay [ELISA]). 
Thus, in total, 23 patients were included in the study.

Body composition (including VAT and SAT) was assessed 
by dual-energy X-ray absorptiometry (DXA, GE Healthcare 
Lunar Prodigy Advance, Madison, WI, USA). During the 
study period, different assays for GH and IGF-I were used at 
OUS, and a random morning GH level (μg/L) was used for 
the statistical analysis, as described previously.20 GH levels 
were measured during an oral glucose tolerance test (OGTT) 
in both patient groups. IGF-I is presented as the ratio of meas-
ured IGF-I values, divided by the age-specific upper limit of 
normal (IGF-I/ULN). Remission, one year after surgery, was 
defined as IGF-I/ULN < 1.3, as recommended.21

SAT biopsies and RNA extraction
Adipose tissue biopsies were obtained by liposuction from the 
abdominal subcutaneous fat depots lateral to the umbilicus dur-
ing local anesthesia, as described.10 The tissue was immediately 
washed free of blood, snap-frozen in liquid nitrogen, and stored 

at −80 °C until use. RNA was extracted from the biopsies using 
TRIzol (Gibco BRL, Life Technologies, Roskilde, Denmark). 
RNA was purified using QIAGEN miRNeasy Mini Kit 
(QIAGEN, Valencia, CA, USA), according to the manufac-
turer’s instructions, including the step for removal of genomic 
DNA. The amount and purity of total RNA were quantified us-
ing a NanoDrop 8000 Spectrophotometer (Thermo Scientific 
Pierce, Waltham, Maine, USA). RNA integrity was determined 
by visual inspection of the two ribosomal RNAs on an agarose 
gel.10 All RNA integrity numbers (RIN) were above 7, indicat-
ing a high RNA quality.22

RNA-seq
RNA-seq was performed using 100 ng of RNA for each sam-
ple (n = 12) at the Norwegian Sequencing Centre, Oslo, 
Norway. Twelve RNA-seq libraries with unique indexes 
were prepared using the TruSeq stranded mRNA library 
prep kit (Illumina, San Diego, CA, USA) by following the man-
ufacturer’s instructions. Two batches of six libraries were 
pooled together, and 150nt paired-end sequencing was per-
formed on one lane of HiSeq 4000 (Illumina) for each batch. 
RTA v1.18.66.3 was used for base calling and was further 
processed using bc2fastq v2.17.1.14 to demultiplex and gen-
erate fastq data based on the indexes used during library 
preparation.

Pre-processing and cleanup
Low-quality reads and adaptors were removed using 
Trimmomatic v0.3323 with recommended parameters. BBMap 
v34.56 (https://sourceforge.net/projects/bbmap) was used to re-
move reads aligning to PhiX (RefSeq: NC_001422.1), which 
was added as a spike-in during sequencing.

Transcriptome alignment
Cleaned data were aligned against the Human ensemble 
GRCh38 (p10, release 90) genome and the transcriptome using 
Tophat2 v2.0.13,24 using “–library-type fr-firststrand –no- 
mixed –no-novel-juncs –transcriptome-index” as parameters. 
The library size was estimated using the picard v1.112 (https:// 
broadinstitute.github.io/picard/) CollectInsertSizeMetrics tool 
after aligning the first one million reads using bowtie v2.2.325

to human ensemble GRCh38 cDNA sequences, and the output 
was also provided as parameters for tophat2 alignment. 
Cuffdiff v2.2.126 pipeline was used to calculate the differential 
expression of the known genes described in ensemble General 
Feature Format (GTF) and CummeRbund v2.14.27 R package 
was used to visualize expression data, and custom scripts were 
used to create tables and graphs. Hierarchical clustering was per-
formed using Pearson correlation with complete linkage in TM4 
MeV (http://mev.tm4.org/).

Heatmap and PCA
A heatmap was generated for transcriptomic data by use of R 
packages Plotly (https://cran.r-project.org/web/packages/ 
plotly/index.html) and Heatmaply.28 The heatmap displays 
significantly expressed transcripts on a Z-scored color scale in-
dicating the number of standard deviations that each variable 
deviates from the variable mean, and the branches are colored 
according to which second-level branch that they belong to. 
Principal component analysis (PCA) was performed on com-
plete data without any selection.
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Pathways
All differentially expressed genes (DEGs) (adjusted P-value  
< .05) were included in the pathway analysis (Pathview 
Web, https://pathview.uncc.edu/).29 All DEGs were included 
in an overrepresentation test in Panther-db (http:// 
pantherdb.org/) with Fischer’s exact test controlling for false 
positives by Benjamini Hochberg’s false discovery rate 
(FDR), using Homo sapiens as a reference genome (File S1, 
Biological process, Cellular component and Molecular func-
tion).30 DEGs with a fold change above 1.9 were considered 
for network interaction analysis (String database, https:// 
string-db.org), performed with medium confidence while hid-
ing disconnected nodes.31

Gene selection
DEGs coding for circulating proteins in blood (as stated on 
The Human Protein Atlas open source database, https:// 
proteinatlas.org/) with a high fold change (>1.9) in 
RNA-seq data and/or belonging to significantly differentially 
expressed pathways were considered (n = 35). Of these, after 
carefully searching the literature (National Library of 
Medicine [NCBI] gene portal [https://ncbi.nlm.nih.gov/gene/], 

UniProt [https://uniprot.org/], The Human Protein Atlas, 
and PubMed [https://pubmed.ncbi.nlm.nih.gov/]), 11 genes 
were chosen for further measurement by ELISA in the patient 
serum samples.

Immunoassay by ELISA
For convenience, the proteins will be referred by their gene no-
menclature. The corresponding protein names are listed in File 
S1, Proteins. The genes S100A8 and S100A9 code for proteins 
that form a heterodimer S100A8/A9 in vivo; thus, ELISA 
measurements were performed for the S100A8/A9 complex, 
and not for the proteins separately. Serum protein levels for 
ANGPT1, GRN, METRNL, MMP9, PDGFD, PTX3, 
S100A8/A9, and TEK were measured using commercially 
available human ELISA DuoSets (R&DSystems, Minnesota, 
USA). Serum levels of HTRA1 were measured using a pre- 
coated ELISA Kit (Cloud-Clone Corp., Texas, USA). Serum 
levels of FLT1 were measured using a Quantikine ELISA Kit 
(R&DSystems, Minnesota, USA). All experiments were per-
formed according to the manufacturers’ specifications. All 
samples were applied in duplicate and the washing steps 
were performed using a BioTek EL406 Combination Washer 

Table 1. Patients’ characteristics.

A. Aarhus University Hospital (AUH)

Baseline After surgery P-value

Age 35.9 (33.8-55.8) 37.2 (35.7-56.7) —
Sex (women) 3 (50%) 3 (50%) —
BMI (kg/m2) 27.5 (24.1-28.9) 24.0 (22.9-29.8) .463
GH fasting (µg/L) 6.5 (5.0-8.9) 1.5 (1.1-1.8) .046
GH mean day curvea (µg/L) 5.8 (4.0-8.7) 1.4 (1.0-1.5) .046
IGF-I (µg/L) 551 (335-679) 197 (118-312) .028
IGF-I/ULN 2.2 (1.3-2.8) 0.8 (0.5-1.2) .028
Lean body mass (kg) 63.2 (44.4-72.7) 56.9 (44.2-69.0) .027
Total fat (g) 18 948 (16 717-26 182) 23 706 (17 062-28 213) .345
Trunk fat (g) 9299 (8097-13 865) 12 260 (8541-15 459) .345
Glucose (mmol/L) 5.4 (4.7-5.7) 4.7 (4.4-5.0) .046
HbA1c (mmol/mol)b 36 (34-36) 33 (32-35) .042
HOMA-IR 2.04 (1.1-2.8) 1.1 (0.6-1.3) .345

B. Oslo University Hospital (OUS)

Baseline After surgery P-value

Age 52.7 (45.1-60.0) 54.2 (46.6-61.1) —
Sex (women) 8 (47%) 8 (47%) —
BMI (kg/m2) 31.1 (25.4-32.1) 30.7 (25.6-32.1) .593
GH random morning (µg/L) 5 (1.7-6.1) 1.6 (0.9-2.7) .009
GH mean day curvec (µg/L) 4.5 (1.8-6.1) — —
IGF-I (nmol/L) 98.0 (62.0-119.0) 23.4 (20.0-35.0) <.001
IGF-I/ULN 2.7 (1.5-3.4) 0.8 (0.7-1.0) <.001
Lean body mass (kg) 63.3 (49.1-74.6) 63.3 (46.8-68.9) .001
Total AT (g) 25 107 (23 615-37 731) 30 375 (26 295-40 015) .017
Trunk fat (g) 14 101 (12 668-18 902) 16 551 (13 905-23 615) .028
SAT (g) 1576 (1091-2012) 1801 (1354-2487) .049
VAT (g) 1254 (379-1392) 1217 (542-1827) .039
Glucose (mmol/L) 6.6 (6.1-7.5) 5.4 (5.1-6.1) .003
HbA1c (mmol/mol)d 41.5 (39-48) 38 (34-43) .003

Patients’ characteristics. A. Describes patients from Aarhus University Hospital (AUH) (n = 6). B. Describes Oslo University Hospital (OUS) patients (n = 17). 
Numbers are given in total (%) for categorical measures, and median (IQR) for continuous measures. Baseline values are measured when the acromegaly 
diagnosis was established, after surgery values are measured when disease control was obtained, and values were analyzed by Wilcoxon matched-pair 
signed-rank test. 
AT, adipose tissue; BMI, body mass index; GH, growth hormone; HOMA-IR, homeostatic model assessment for insulin resistance; IGF-I, insulin-like growth 
factor I; SAT, subcutaneous adipose tissue; ULN, upper limit of normal; VAT, visceral adipose tissue. 
aMean GH levels measured during oral glucose tolerance test (OGTT) for a standardized set of time points before oral glucose was given. 
bn = 5. 
cn = 15. 
dn = 14.
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Dispenser (BioTek, Winooski, Vermont, USA). Absorption 
was read at 450 nm with the wavelength correction set to 
540 nm by a Synergy H1 Hybrid Reader (BioTek).

Statistics
Variables were checked for normal distribution by visual 
methods (histograms and Q–Q plots). Suited transformation 
methods were performed, where appropriate. Normally 

distributed data are presented as means (SD) and analyzed 
by paired t-test. Data not normally distributed are presented 
as median (IQR) and analyzed by Wilcoxon matched-pair 
signed-rank test. Correlations were analyzed between baseline 
values and percentwise change in values between baseline and 
following disease control for serum protein measurements, 
SAT, VAT, total AT, GH, and IGF-I with non-parametric 
test (Spearman’s rho). Correlation analyses were performed 
including OUS patients only (n = 17), because SAT and VAT 
values were not measured in AUH patients. For this reason, 
patient data are presented separately for OUS and AUH pa-
tients, given in total (%) for categorical measures and median 
(IQR) for continuous measures, and analyzed by Wilcoxon 
matched-pair signed-rank test. The statistical analyses were 
performed using SPSS version 26 and STATA version 16.1. 
Two-sided P-values < .05 were considered significant.

Ethics
Written informed consent was obtained from all patients. The 
study was approved by the regional ethics committee (Central 
Denmark Region Scientific Ethics Committee (M-20070130), 
registered at ClinicalTrials.gov (NCT00647179), and con-
ducted in agreement with the Declaration of Helsinki II and 
Regional committees for medical and healthcare research eth-
ics (Oslo, REK no.: 15240) and hospital authority. The genetic 
expression analyses were exclusively related to SAT biology. 
Thus, no information about the patient’s genotype was given, 
and the study did not influence treatment or patient follow-up.

Results
Clinical characteristics of patients
Clinical characteristics of patients are presented in Table 1 for 
AUH patients (A), and OUS patients (B). There was an equal 
sex distribution in both patient populations, and median 
(IQR) age at diagnosis was 36 (34-56) years for AUH patients, 
and 53 (45-60) years for OUS patients. The median time from 
the baseline visit to the post-operative visit was 0.7 (0.6-2.0) 
and 1.3 (1.2-1.5) years for AUH and OUS patients, respective-
ly. Following surgery, there was a significant decrease in GH, 
IGF-I, glucose, HbA1c, and lean body mass measurements in 
both groups (Table 1, AUH patients: P < .05 for all; OUS pa-
tients: P < .01 for all), whereas only a significant increase of 
the fat depots (Total AT, Trunk fat, SAT, and VAT) was ob-
served in OUS patients (P < .05 for all). In both groups, there 
was no significant change in the body mass index (BMI).

RNA-seq
RNA-seq resulted in 34-81 million 150 PE reads across the 12 
samples where the depth was above the recommended value 
reviewed by Liu et al. (2014).32 Bioinformatics analyses re-
vealed 743 DEGs: 470 genes upregulated and 273 downregu-
lated at baseline compared to after disease control (P-adjusted  
< .05) (File S1, DEGs). As shown in Figure 1, heatmap analysis 
with hierarchical clustering and principal component analysis 
(PCA) showed that samples grouped according to disease ac-
tivity without exception.

Pathways
Pathways significantly differentially expressed between base-
line and after disease control are presented as a complete list 
in File S1, Pathways. Signaling pathways of interest for the 

Figure 1. Heatmap of significantly differentially expressed genes and 
principal component analysis of paired SAT biopsies. (A) Heatmap of 
RNA sequencing (RNA-seq) differentially expressed genes (DEGs) in Base 
(active acromegaly) and After (after disease control was obtained by 
suregery) and (B) principal component analysis (PCA) of complete data 
without any selection in baseline (active acromegaly) and after surgery (after 
disease control was obtained by surgery) samples, n = 6.
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study question and DEGs involved in these pathways are listed 
in Table 2. These pathways were related to inflammation, cell 
adhesion and extracellular matrix (ECM), and GH and insu-
lin signaling. Figure 2 shows an interaction network analysis 
between DEGs with a fold change > 1.9. Three large clusters 
were identified: one containing genes related to inflamma-
tion, the second containing genes related to collagen and 
ECM, and the third containing genes involved in fatty acid 
beta-oxidation. Gene Ontology (GO) biological process ana-
lysis (File S1, Biological process) identified collagen and 
ECM as being overexpressed in active acromegaly, whereas 
glucose and lipid metabolism and insulin signaling regulation 
were predominantly present following disease control. GO 
analysis showed increased cellular components and molecu-
lar functions in mitochondria, collagen, and ECM in active 
disease (File S1, Cellular component and Molecular 
function).

Gene selection
Of the 743 significant DEGs, 315 genes presented a fold 
change > 1.9, and 96 belonged to the significantly differential-
ly expressed pathways. Of these, 35 coded for proteins se-
creted to the circulation (Table 3). We selected 11 of these 
genes for immunoassay (Table 3A) based on their previously 
described roles. HTRA1, METRNL, S100A8, S100A9, 
PDGFD, PTX3, GRN, and MMP9 were upregulated in base-
line samples, and FLT1, ANGPT1, and TEK were upregulated 
after disease control.

ELISA
Figure 3 presents the increase in serum protein measurements be-
tween baseline and following disease control for HTRA1 (mean 
[SD] 74.4 [31.6] vs. 96.3 [51.3] ng/mL, P ≤ .001), METRNL 
(median [IQR] 1.7 [1.1-1.9] vs. 1.8 [1.5-2.0] ng/mL, P = .001), 
S100A8/A9 (mean [SD] 601 [422] vs. 922 [551] ng/mL, 
P = .005), and PDGFD (mean [SD] 1.5 [0.5] vs. 1.6 [0.4] ng/mL, 
P = .031). For all these proteins, serum levels increased between 
baseline and after disease control, whereas the gene expression 
in SAT decreased for the corresponding genes (File S1, 
RNAseq_ELISA). One explanation could be that the circulat-
ing levels of these proteins only to a limited degree stem from 
SAT. Alternatively, the increase in total SAT mass after treat-
ment may overall translate into increased protein production. 
It is also possible that ECM matrix remodeling after disease 
control may impact on the production of proteins in SAT.

The difference in PDGFD remained significant also when 
adjusted for the patients’ platelet count (P = .003). There 
was no significant difference between baseline and after samples 
for MMP9 (P = .506), GRN (P = .394), PTX3 (P = .094), TEK 
(P = .536), ANGPT1 (P = .584), and FLT1 (P = .175). The dif-
ference in MMP9 remained unchanged after adjusting for plate-
let count (P = .177).

Correlations
Correlation analyses of the baseline serum protein levels 
showed a negative correlation between METRNL and GH 
(R = −0.59, P = .015) and S100A8/A9 and GH (R = −0.56, 

Table 2. Pathways significantly differentially expressed between baseline and after disease control.

Signaling pathway Genes

Upregulated Downregulated

Inflammation
hsa04650 natural killer 

cell-mediated cytotoxicity
CD247, TYROBP, HLA-A, HRAS, RAC2, VAV1, FCGR3B, 

ITGB2
PIK3CA

hsa04668 TNF signaling 
pathway

MAPK11, MAPK13, ATF4, CREB3L1, CEBPB, FOS, SOCS3, 
MMP9, MMP14, VCAM1, AKT1

CREB1, PIK3CA, ITCH

hsa04660 T cell receptor 
signaling pathway

AKT1, HRAS, FOS, VAV1, CD247, MAPK11, MAPK13 PIK3CA, DLG1

hsa04062 chemokine 
signaling pathway

CXCR4, VAV1, AKT1, HRAS, RAC2, PIK3R5 JAK2, PIK3CA, GNG2, ROCK1, ROCK2

hsa04670 leukocyte 
transendothelial migration

MMP9, ITGB2, MAPK11, MAPK13, CYBA, NCF4, VAV1, 
RAC2, CXCR4, VCAM1

AFDN, ITGB1, PIK3CA, ROCK1, ROCK2, 
ARHGAP5

hsa04066 HIF-1 signaling 
pathway

IGF1, AKT1, PFKL, HMOX1, EIF4EBP1 EGFR, PIK3CA, FLT1, ANGPT1, TEK, BCL2

hsa04145 phagosome FCGR3B, ITGB2, CYBA, NCF4, TUBB2A, TUBB4B, 
SEC61B, HLA-DOA, HLA-DRA, HLA-A, HLA-F

ITGAV, ITGB1, PIKFYVE, HLA-DRB5

hsa04060 cytokine–cytokine 
receptor interaction

LTB, IL3RA, CSF2RA, CXCR4, TNFRSF12A BMP3, BMP6, LIFR, GHR

Cell adhesion, collagen, and ECM
hsa04810 regulation of actin 

cytoskeleton
PFN1, RAC2, VAV1, FGD3, ITGB2, HRAS, RRAS, PDGFD, 

CXCR4
SCIN, PIKFYVE, PPP1R12B, ROCK1, ROCK2, 

PIK3CA, ITGAV, ITGB1, EGFR, FGF2
hsa04514 cell adhesion 

molecules (CAMs)
ITGB2, VCAM1, HLA-DOA,HLA-DRA, HLA-A, HLA-F, 

CD276
ITGB1, NFASC, ITGAV, HLA-DRB5

hsa04510 focal adhesion AKT1, ZYX, COL1A1, COL1A2, COL6A1, COL6A2, 
COL6A6, CCND1, HRAS, IGF1, PDGFD, RAC2, VAV1

ITGB1, ITGAV, PPP1R12B, ROCK1, ROCK2, 
PIK3CA, ARHGAP5, BCL2, EGFR, FLT1, MET

GH and insulin signaling
hsa04630 Jak-STAT 

signaling pathway
AKT1, SOCS3, CSF2RA, IL3RA, CCND1, HRAS PIK3CA, BCL2, STAM2, JAK2, EGFR, GHR, LIFR

hsa04151 PI3K-Akt 
signaling pathway

EIF4EBP1, AKT1, CCND1, IGF1, PDGFD, HRAS, DDIT4, 
PIK3R5, COL1A1, COL1A2, COL6A1, COL6A2, 
COL6A6, IL3RA, ATF4, CREB3L1

PIK3CA, EGFR, ERBB4, FLT1, MET, TEK, 
ANGPT1, FGF2, GNG2, ITGAV, ITGB1, GHR, 
JAK2, CREB1, BCL2

Signaling pathways significantly differentially expressed between baseline and after disease control. Differentially expressed genes (DEGs) upregulated in 
baseline or downregulated in baseline (ie, upregulated after disease control) are listed for the applicable pathway.
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P = .021) and positive correlations between S100A8/A9 and 
VAT and total AT (R = 0.74, P = .001, and R = 0.61, P = .010, 
respectively) (Figure 4). Correlations of the variables expressed 
as percentage change showed a positive correlation between 
HTRA1 and VAT (R = 0.55, P = .024) and between S100A8/ 
A9 and VAT (R = 0.72, P = .001) and a negative correlation 
between PFGFD and GH (R = −0.64, P = .007).

Discussion
In this study, we demonstrate that acromegaly disease activity 
impacts on the mRNA signature of SAT and overplays the 

inter-individual differences, suggesting a strong and consistent 
effect. Further, collagen and ECM, inflammation, and mito-
chondria β-oxidation pathways decrease significantly in SAT 
following disease control. Novel candidate genes upregulated 
in SAT in active acromegaly include HTRA1, METRNL, 
S100A8/A9, and PDGFD, which may represent potential bio-
markers for disease activity and metabolic risk factors in these 
patients.

A higher number of upregulated genes were present in active 
disease as compared to remission, supporting experimental 
studies in bovine growth hormone transgenic (bGH) mice 
where pathways related to fatty acid oxidation, branched-chain 

Figure 2. Interaction network analysis of differentially expressed genes. Interaction network analysis presenting differentially expressed genes 
(DEGs) (fold change > 1.9) between baseline and after disease control interactions. Performed with medium confidence while hiding disconnected 
nodes. For the interactive, online figure, see hyperlink in File S1, Interaction network.

D
ow

nloaded from
 https://academ

ic.oup.com
/ejendo/article/188/3/310/7075007 by M

edicinsk Bibliotek, Aalborg Sygehus SYD
 user on 25 April 2023

http://academic.oup.com/ejendo/article-lookup/doi/10.1093/ejendo/lvad031#supplementary-data


316                                                                                                                           European Journal of Endocrinology, 2023, Vol. 188, No. 3

amino acid degeneration, and the immune system were upregu-
lated in SAT.33 Additionally, a RNA-seq study comparing the 
AT from patients with active acromegaly and patients with 
non-functioning pituitary adenomas as controls found a higher 
number of DEGs in patients with acromegaly.34 Similarly 
to our results, genes involved in fatty acid metabolism were up-
regulated in AT in the active acromegaly group, whereas genes 
involved in inflammation were downregulated. However, the 
absence of prospective data comparing active and controlled ac-
romegaly is a limitation.34

Our data showed that collagen and ECM genes were con-
sistently upregulated in active acromegaly, which is compat-
ible with studies in mouse models,35-37, and support the 

hypothesis that increased fibrosis in SAT impairs its ability 
to store free fatty acids and thereby contributes to systemic in-
sulin resistance. The remaining question to be answered is 
which cell type in the AT (eg, mature adipocyte, fibroblast, 
and stromal vascular fraction) is the driver of fibrosis.

Many mitochondria genes were upregulated in active dis-
ease, which support the observations that GH modulates 
mitochondria function in liver and adipose tissues.38,39

Based on the results of this study, it could be speculated that 
treatment decreasing the GH systemic load and SAT signaling, 
as well as anti-fibrotic and insulin-sensitizing medications, 
might alleviate some of the metabolic disturbances and symp-
toms in acromegaly.

Table 3. Significantly differentially expressed genes coding for proteins secreted in the circulation.

A. Selected genes

Gene Gene description Fold 
change

P-adjusted Involvement in significant signaling pathway

PTX3 Pentraxin 3 18.60 .006
S100A8 S100 calcium binding protein A8 5.12 .003
S100A9 S100 calcium binding protein A9 4.36 .003
PDGFD Platelet-derived growth factor D 3.13 .003
MMP9 Matrix metallopeptidase 9 2.80 .003 TNF signaling pathway. Leukocyte transendothelial migration.  

Estrogen signaling pathway
METRNL Meteorin-like, glial cell differentiation 

regulator
2.32 .003

HTRA1 HtrA serine peptidase 1 2.00 .003
GRN Granulin precursor 1.93 .003 Regulation of actin cytoskeleton. HIF-1 signaling pathway. 

Endocytosis.  
PI3K-Akt signaling pathway. Estrogen signaling pathway. MAPK 
signaling pathway

ANGPT1 Angiopoietin 1 1.75 .003 HIF-1 signaling pathway. PI3K-Akt signaling pathway. MAPK 
signaling pathway

TEK TEK receptor tyrosine kinase 1.65 .003 HIF-1 signaling pathway. PI3K-Akt signaling
FLT1 fms-related tyrosine kinase 1 1.46 .039 HIF-1 signaling pathway

B. Not selected genes

Gene Gene description Fold 
change

P-adjusted Involvement in significant signaling pathway

CFHR1 Complement factor H-related 1 6.11 .006
FCGR3B Fc fragment of IgG receptor IIIb 3.65 .015 Osteoclast differentiation. Natural killer cell-mediated 

cytotoxicity. Phagosome
APOL4 Apolipoprotein L4 3.59 .003
TPSAB1 Tryptase alpha/beta 1 3.15 .003
IGFBP3 Insulin-like growth factor-binding protein 3 3.07 .003
ISG15 ISG15 ubiquitin-like modifier 2.96 .003
CHI3L1 Chitinase 3-like 1 2.74 .008
PTGDS Prostaglandin D2 synthase 2.73 .003
TPSB2 Tryptase beta 2 (gene/pseudogene) 2.46 .015
C7 Complement C7 2.36 .010
IGF1 Insulin-like growth factor I 2.31 .015
CLEC3B C-type lectin domain family 3 member B 2.26 .003
C1QTNF6 C1q and TNF-related 6 2.17 .027
APOE Apolipoprotein E 2.17 .003
LGALS3BP Galectin 3-binding protein 2.09 .003
MET tRNA aspartic acid methyltransferase 1 2.08 .003 Axon guidance
EMC10 ER membrane protein complex subunit 10 2.05 .003
C1QTNF5 C1q and TNF-related 5 2.05 .003
CSF2RA Colony-stimulating factor 2 receptor alpha 

subunit
2.01 .048 Jak-STAT signaling pathway. Cytokine–cytokine receptor 

interaction
XYLT2 Xylosyltransferase 2 2.01 .003
NUCB1 Nucleobindin-1 1.96 .003
BMP6 Bone morphogenetic protein 6 1.87 .015 Cytokine–cytokine receptor interaction
GHR Growth hormone receptor 1.71 .006 Cytokine–cytokine receptor interaction
EGFR Epidermal growth factor receptor 1.43 .047 Focal adhesion

Table describes the 35 genes coding for proteins secreted in blood and includes genes selected (A) and not selected (B) for immunoassay. Selection was based on 
fold change more than 1.9 or involvement in significantly differentially expressed signaling pathway and previously described roles.
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A causal link between GH-induced lipolysis and insulin re-
sistance is well-established.11 In healthy human subjects, acute 
GH exposure downregulates the G0/G1 switch gene (G0S2) 
and fat specific protein 27 (FSP27), both of which are import-
ant suppressors of lipolysis.13 In addition, phosphatase and 
tensin homolog (PTEN), which suppresses insulin signaling, 
was upregulated by GH in SAT.13 In vitro data has suggested 
that GH acts via MEK to suppress G0S2.13 Accordingly, 
HRAS, an upstream MEK activator, was increased in SAT in 
active disease in our study. Moreover, active acromegaly im-
pairs insulin signaling in both adipose tissue and muscle.10

Conversely, our study showed that G0S2 was significantly up-
regulated in SAT of active acromegaly, whereas no difference 
was recorded for FSP27 and PTEN. An explanation may be 
that G0S2 is differently regulated with acute vs. chronic GH 
exposure.

Our data contributes to the notion of an anti-insulin effect 
of GH by identifying SORBS1, a protein required for insulin- 
stimulated glucose transport,40 and PIK3CA, involved in insu-
lin signaling,41 to be downregulated in active disease.

TCF/LEF, the read out of canonical Wnt-signaling activa-
tion, was increased in active disease supporting the hypothesis 
on the impairment of mesenchymal stem cell (MSC) differen-
tiation toward adipocytes.14 Moreover, PPARG coactivator 1 
alpha (PPARGC1A), a transcriptional coactivator that regu-
lates genes involved in energy metabolism and mitochondria 

biogenesis, and a marker of brown/beige adipocytes42 was de-
creased, and Perilipin 3 (PLIN3), a protein required for the 
formation and maintenance of lipid storage droplets43 and 
an inhibitor of beige adipocytes and thermogenic gene expres-
sion44 was increased, suggesting perhaps a decreased beigeing 
of SAT in active disease. In addition, ADRA2A, known to re-
duce lipolysis,45 was increased in active disease, perhaps as an 
adaptive mechanism.

Growth hormone receptor (GHR) and JAK2 (ie, GHR prin-
cipal mediator) genes were decreased at baseline and increased 
significantly following treatment. This could represent adap-
tation to increased circulating GH levels present in active acro-
megaly. SOCS3 and SOCS4 (not known to be GHR 
dependent) were increased in active disease, in addition to 
IGF-I, IGFBP3, IGFBP4, and IGFBP5, suggesting that AT is 
able to produce the corresponding proteins in active disease.

Surprisingly, we recorded reciprocal disease activity 
changes in SAT gene expression of HTRA1, METRNL, 
S100A8/A9, and PDGFD versus the corresponding protein 
levels in serum. Gene expression decreased after disease con-
trol, whereas the opposite was true for the circulating protein 
levels. One explanation could be that the circulating levels of 
these proteins only to a limited degree stem from SAT. 
Alternatively, the increase in total SAT mass after treatment 
may overall translate into increased protein production. It is 
also possible that ECM matrix remodeling after disease 

Figure 3. Protein levels in serum at baseline and after surgery. Serum protein levels of HTRA1, METRNL, S100A8/A9, PDGFD, MMP9, GRN, PTX3, 
TEK, ANGPT1 (ng/mL), and FLT1 (pg/mL). Significant change between Base (baseline samples) and After (after disease control samples) is marked 
*P < .05 and **P < .01 (n = 23).
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Figure 4. Correlations. Correlation plots describing significant correlations between serum protein levels (HTRA1, METRNL, S100A8/A9, and PDGFD, 
ng/mL) and GH, VAT, and total AT (g) (P < .05). Correlations analyzed for baseline measurements, and percent of change between baseline and after 
disease remission (%) measurements (n = 17). One outlier was excluded in the analysis between S100A8/A9 (%) and VAT (%).
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control may impact on the production of proteins in SAT.46

The lack of coherence between circulating levels and SAT 
gene expression may suggest that this approach is not best 
suited to identify circulating protein targets, and perhaps, 
blood proteomic profiling could have more merit.

HTRA1 is a serine protease presumed to be involved in the 
regulation of IGF availability by cleaving the IGF binding pro-
teins.47 In active acromegaly, we did not find any correlation 
between the serum levels of HTRA1 and GH or IGF-I levels. 
However, we found that the increase of serum HTRA1 protein 
levels correlated to the increase in VAT. HTRA1 might play a 
role in ECM.48 In addition to HTRA1, different gene expres-
sion of MMPs (MMP9, MMP14, MMP15, ADAM22, and 
MMP24OS) were upregulated in active disease in our study, 
suggesting an active collagen/ECM remodeling process. The 
upregulated gene expression of HTRA1, IGF-I, and IGFBP5 
seems to be disease specific since they were recently described 
to be downregulated in an insulin-resistant obese adolescent 
population.49

METRNL, which was upregulated in active disease, has 
been identified as a novel adipokine secreted by adipose tissue 
and skeletal muscle.50,51 METRNL induces the expression of 
genes associated with browning of fat, thermogenesis, and adi-
pocyte differentiation and has an anti-inflammatory role. It 
also stimulates energy expenditure and improves glucose tol-
erance, but conflicting data prevail as regards the circulating 
METRNL levels in obesity and T2DM.50,51 Serum 
METRNL was negatively correlated to GH levels, contrary 
to the RNA-seq data.

In active acromegaly, serum S100A8/S100A9 correlated 
negatively to GH levels, suggesting a limited low-grade inflam-
mation process. As described, S100A8/A9 is mainly secreted 
by neutrophils and macrophages, and GH has been shown 
to decrease both S100A8 and S100A9 in human peripheral 
blood leukocytes.52 In addition, our results show that 
S100A8/S100A9 closely reflects VAT mass and total AT 
mass in active disease and also the increase of VAT with treat-
ment. The strong negative and positive correlation between 
this protein and GH and AT mass, respectively, could suggest 
enhanced leukocyte infiltration in adipose tissue in active acro-
megaly. This is consistent with reports of adipose tissue in-
flammation in these patients,12 which could contribute to 
systemic insulin resistance. The decrease in both S100A8 
and S100A9 in adipose tissue, and increased circulating 
S100A8/A9 levels following surgery, could thus potentially re-
flect enhanced leukocyte trafficking after disease control.

Considering its role in AT, PDGFD was previously de-
scribed as a growth factor, promoting inflammation, angio-
genesis, and fibrosis53,54 likely contributing to the changes 
observed in active acromegaly.

The limitations of the study
As a whole tissue RNA-seq study, it does not provide single-cell 
resolution data. However, it is the first study to investigate dis-
ease activity-dependent changes in SAT. The number of patients 
included in the ELISA cohort is rather small, allowing for type 2 
error. Nevertheless, the cohorts have the advantages of close 
follow-up and reliable clinical and biochemical variables.

Conclusion
Active acromegaly increases the expression of genes related to 
inflammation, collagen and ECM, and lipid oxidation. Of the 

investigated DEGs, HTRA1, METRNL, S100A8/A9, and 
PDGFD also changed at the serum protein level. The useful-
ness of these proteins as novel biomarkers of acromegaly mer-
its future scrutiny.
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