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ABSTRACT

Objective Heart failure (HF) is characterised by collagen
deposition. Urinary proteomic profiling (UPP) followed by
peptide sequencing identifies parental proteins, for over
70% derived from collagens. This study aimed to refine
understanding of the antifibrotic action of spironolactone.
Methods In this substudy (n=290) to the Heart 'Omics’
in Ageing Study trial, patients were randomised to usual
therapy combined or not with spironolactone 25-50 mg/
day and followed for 9 months. The analysis included
1498 sequenced urinary peptides detectable in =30% of
patients and carboxyterminal propeptide of procollagen |
(PICP) and PICP/carboxyterminal telopeptide of collagen
I (CITP) as serum biomarkers of COL1A1 synthesis. After
rank normalisation of biomarker distributions, between-
group differences in their changes were assessed by
multivariable-adjusted mixed model analysis of variance.
Correlations between the changes in urinary peptides
and in serum PICP and PICP/CITP were compared
between groups using Fisher's Z transform.

Results Multivariable-adjusted between-group
differences in the urinary peptides with error 1 rate
correction were limited to 27 collagen fragments, of
which 16 were upregulated (7 COL1A1 fragments)

on spironolactone and 11 downregulated (4 COL1A1
fragments). Over 9 months of follow-up, spironolactone
decreased serum PICP from 81 (IQR 66-95) to 75
(61-90) pg/L and PICP/CITP from 22 (17-28) to 18
(13-26), whereas no changes occurred in the control
group, resulting in a difference (spironolactone minus
control) expressed in standardised units of —0.321 (95%
C10.0007). Spironolactone did not affect the correlations
between changes in urinary COLTA1 fragments and in
PICP or the PICP/CITP ratio.

Conclusions Spironolactone decreased serum markers
of collagen synthesis and predominantly downregulated
urinary collagen-derived peptides, but upregulated
others. The interpretation of these opposite UPP trends
might be due to shrinking the body-wide pool of
collagens, explaining downregulation, while some degree
of collagen synthesis must be maintained to sustain vital
organ functions, explaining upregulation. Combining
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Spironolactone reduces plasma markers
reflecting collagen-1 synthesis and decreases
myocardial fibrosis by inhibiting activation of
the mineralocorticoid receptors.

= Over 70% of urinary peptides are derived from
collagens.

WHAT THIS STUDY ADDS

= In patients prone to heart failure because
of coronary heart disease, spironolactone
compared with control reduced 16 urinary
collagen fragments and increased 11 with
no other differential changes in the urinary
proteome.

= Spironolactone did not affect the relation
between urinary and serum fibrosis markers.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Combining urinary and serum fibrosis markers
opens new avenues for discovery of antifibrotic
drugs and refines insight in the action of
antifibrotic drugs.

urinary and serum fibrosis markers opens new avenues
for the understanding of the action of antifibrotic drugs.
Trial registration number NCT02556450.

INTRODUCTION

Fibrosis is the common pathological response to
inflammation and chronic tissue injury, such as
those that occur with ageing, hypertension, diabetes
mellitus or ischaemia. Activation of the mineralo-
corticoid receptor (MR) initiates a cascade of molec-
ular events leading to cell growth and inappropriate
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Heart failure and cardiomyopathies

expansion and disorganisation of the extracellular matrix (ECM)
in the myocardium,' which is a hallmark of heart failure (HF),
irrespective of its cause.” The Heart ‘Omics’ in Ageing Study
(HOMAGE) was an open-label randomised clinical trial in 527
patients at high risk of developing HE.? Patients were randomised
to spironolactone 25-50 mg/day on top of usual therapy or usual
therapy alone and were followed up for 9 months.® Spirono-
lactone caused a fall in serum carboxyterminal propeptide of
procollagen I (PICP), a rise in serum carboxyterminal telopep-
tide of collagen I (CITP) and a fall in the PICP/CITP ratio. PICP
and CITP are circulating biomarkers of COL1A1 synthesis and
degradation, respectively (online supplemental figure S1).%*

Urine contains >20000 endogenous peptides, of which many
have been sequenced, thereby identifying the parental proteins.’
The urinary proteomic profile (UPP) consists for over 70% of
collagen fragments.® In a subgroup of patients randomised in
the HOMAGE trial, we analysed the between-group differences
in the UPP and the associations of urinary with serum fibrosis
markers.

METHODS

Study participants

HOMAGE was a multicentre open-label trial with blinded end
point evaluation (registration number: NCT02556450).% Each
centre had its own recruitment strategies . Patients of either
sex, aged =60 years, were eligible provided that they were at
increased risk of developing HF, because they already had or
were likely to develop coronary heart disease. Additionally,
eligible patients had to have a serum N-terminal pro-B-type
natriuretic peptide of 125-1000ng/L or a serum brain natri-
uretic peptide of 35-280ng/L. These ranges excluded patients
at low HF risk as well as those with advanced disease requiring
further investigation and intensive treatment. Of 877 screened
patients, 527 were randomised to spironolactone 25-50 mg/
day (n=2635) on top of usual treatment or usual treatment alone
(n=262). The UPP was analysed in urine samples at baseline and
at months 1 and 9, if sequenced peptides had a detectable signal
in 230% of patients. A flow chart (online supplemental figure
S2) shows the derivation of the HOMAGE trial subgroup dataset
currently analysed.

Urinary and circulating biomarkers

Mosaiques-Diagnostics, Hannover, Germany did the UPP
profiling for all patients. The methods for sample preparation,
capillary electrophoresis coupled with mass spectrometry (CE-
MS), peptide sequencing and for the evaluation, calibration
and quality control of the mass spectrometric data have been
published” and are described in detail in the online supple-
mental (pp 3-5). In the CE-MS step, 29 abundant endogenous
urinary peptides were run along with the samples as internal
standards for calibration of the signal intensity. This procedure
is highly reproducible and addresses in a single calibration step
both analytical and dilution variances, such as the variability
in renal function.® A total of 1498 sequenced urinary peptides
with a detectable signal in =30% of participants were analysed.
Undetectable peptides were set at the distribution minimum.’
Glomerular filtration rate was estimated (eGFR) from serum
creatinine by the Chronic Kidney Disease Epidemiology Collab-
oration formula.'® Using methods described in the online supple-
mental (p 6), serum was analysed for PICP, a marker of COL1A1
synthesis and CITP a marker of COL1A1 degradation (online
supplemental figure S1).'" All intra-assay coefficients of varia-
tions were <109.°

Statistical analysis

For database management and statistical analysis, SAS software,
V.9.4, maintenance level 5, was used (SAS Institute, Cary, North
Carolina, USA). Deviation from the normal distribution was
assessed by the Shapiro-Wilk statistic. The distributions of the
serum biomarkers (online supplemental figure S3) and urinary
peptides (online supplemental figure S4) were rank normalised,
by sorting measurements from the smallest to the highest value
and then applying the inverse cumulative normal function.'?
Rank normalised variables have mean 0 and SD 1. For non-
transformed data, the central tendency (spread) of the data
is given as the arithmetic mean (SD) and for rank normalised
variables as median (IQR). In unadjusted analyses, means were
compared using the large-sample Z-test and proportions by the
x* statistic or the Fisher’s exact test, as appropriate based on cell
frequencies. Statistical tests were two-sided.

The within-group changes (time point in the trial) and
between-group differences (randomisation group) in the urinary
peptides and serum biomarkers were tested, using mixed model
analysis of variance with the patient modelled as random effect
as implement in the PROC GLM procedure in the SAS package.
The general linear models were adjusted for the baseline levels
of the urinary or serum biomarkers if follow-up data were tested
and additionally for sex, age, body mass index (BMI), eGFR,

Table 1 Baseline characteristics of patients
Characteristic Control Spironolactone
Number in group (n (%)) 144 146
Women 41 (28.5) 28 (19.2)
Past smoking 77 (53.5) 94 (64.4)
Current smoking 11 (7.6) 8 (5.5)
Drinking alcohol 35(24.3) 34 (23.3)
Hypertension 106 (73.6) 111 (76.0)
Diabetes 33(22.9) 31(21.2)
Antihypertensive treatment 140 (97.2) 140 (95.9)
Lipid-lowering treatment 125 (86.8) 132 (90.4)
Antidiabetic agents 54 (37.5) 51 (34.9)
Antiplatelet drugs 106 (73.6) 112 (76.7)
History of ischaemic heart disease 116 (80.6) 119 (81.5)
Clinical characteristics
Age (years) 73.7+5.9 73.8+6.1
Body mass index (kg/mz) 28.2+4.7 29.345.5
Systolic blood pressure (mm Hg) 139.4+19.0 137.2£17.5
Diastolic blood pressure (mm Hg) ~ 78.1+10.7 77.2+£10.0
Heart rate (bpm) 60.9+8.6 62.0+8.8
Biochemistry
Serum sodium (mmol/L) 139.6+2.7 139.2+3.0
Serum potassium (mmol/L) 4.35+0.37 4.37+0.37
eGFR (mL/min/1.73 m?) 67.4+13.8 66.7+16.7
Total cholesterol (mg/dL) 151.9+44.4 147.7+40.3
HbA1c (%) 6.20+1.40 6.03+1.21
Markers of collagen turnover
Serum PICP (ug/L) 81.8 (69.5-94.8) 77.9 (64.2-93.6)
Serum CITP (pg/L) 3.73 (3.15-4.89) 3.78 (3.05-4.89)
PICP/CITP ratio 20.8 (15.5-29.3) 21.9(16.6-28.1)

Data are presented as arithmetic mean=SD, n (%) or median (IQR) for variables
deviating from the normal distribution.

CITP, collagen type | C-terminal telopeptide; eGFR, glomerular filtration rate
estimated from serum creatinine according to the Chronic Kidney Disease
Epidemiology equation; HbA1c, glycated haemoglobin; PICP, procollagen type |
C-terminal propeptide.
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Heart failure and cardiomyopathies

Table 2  Urinary peptides with different levels on spironolactone versus control retained in the analyses

ID Symbol Parental protein r P value pBH

€04960 COL1A1 Collagen alpha-1 (1) chain 0.93 0.00425 0.01392
e08916 COL1A1 Collagen alpha-1 (1) chain 1.26 0.00052 0.00010
e09408 COL1A1 Collagen alpha-1 (1) chain 1.34 0.00007 0.00252
€10266 COL1A1 Collagen alpha-1 (1) chain 1.28 0.00234 0.00649
e10395 COL1A1 Collagen alpha-1 (1) chain 1.08 0.00669 0.04818
e10437 COL1A1 Collagen alpha-1 (1) chain 1.42 0.00406 0.01217
e10657 COL1A1 Collagen alpha-1 (1) chain 1.52 0.00183 0.00470
€10863 COL1A1 Collagen alpha-1 (1) chain 1.13 0.00533 0.02132
e11972 COL1A1 Collagen alpha-1 (1) chain 0.81 0.00664 0.03985
e17425 COL1A1 Collagen alpha-1 (1) chain 0.81 0.00114 0.00273
e18740 COL1A1 Collagen alpha-1 (1) chain 0.92 0.00052 0.00111
e10563 COL2A1 Collagen alpha-1 (Il) chain 1.49 0.01430 0.01716
€03506 COL3A1 Collagen alpha-1 (1ll) chain 0.77 0.00617 0.00723
e05700 COL3A1 Collagen alpha-1 (Ill) chain 0.90 0.00546 0.02457
e07668 COL3A1 Collagen alpha-1 (Ill) chain 2.79 0.00032 0.00033
€18839 COL3A1 Collagen alpha-1 (1ll) chain 0.55 0.00109 0.00245
e05473 COL4A1 Collagen alpha-1 (IV) chain 0.90 0.014689 0.01823
e17131 COL6A1 Collagen alpha-1 (V1) chain 2.03 0.00080 0.00085
e01100 COL7A1 Collagen alpha-1 (V1) chain 0.96 0.01862 0.02578
e02933 COL1A2 Collagen alpha-2 (1) chain 0.86 0.00346 0.00389
204987 COL1A2 Collagen alpha-2 (1) chain 0.74 0.00444 0.01599
e16610 COL4A2 Collagen alpha-2 (IV) chain 0.93 0.01586 0.02039
e09267 COL5A2 Collagen alpha-2 (V) chain 0.95 0.02508 0.03311
€20509 COL11A2 Collagen alpha-2 (XI) chain 0.91 0.01593 0.02124
e15360 COL4A3 Collagen alpha-3 (IV) chain 1.43 0.00511 0.00593
e16874 COL5A3 Collagen alpha-3 (V) chain 0.90 0.03106 0.04659
€06373 COL4A6 Collagen alpha-6 (IV) chain 0.87 0.00323 0.00352

ID is the laboratory identification number of the peptide fragment. Using untransformed data, for each individual and for each peptide in the control and spironolactone group,
the ratio of the 9-month-to-baseline ratio was computed. From the resulting distributions, the medians were computed; r is the ratio of the medians of these distributions
(spironolactone/control). A ratio greater than unity indicates an increase in the level of the urinary peptide on spironolactone and vice versa. P value and pBH refer to the
significance of the difference between control and spironolactone, respectively, without and with correction of the significance for multiple testing. Models were adjusted for sex,
age, BMI, eGFR, the baseline value of the urinary marker, current smoking and drinking, history of ischaemic heart disease and treatment at baseline and changes in treatment at
last follow-up with antihypertensive, lipid-lowering, antiplatelet and antidiabetic drugs. An ellipsis indicates that pBH was not computed, because p was not significant.

BMI, body mass index; eGFR, estimated glomerular filtration rate.

smoking and drinking, history of ischaemic heart disease and
treatment at baseline and subsequent treatment changes during
follow-up with antihypertensive, lipid-lowering, antiplatelet
and antidiabetic drugs. The antihypertensive drugs applied
for adjustment were diuretics (thiazides, thiazide-like agents
and loop diuretics), B-blockers, vasodilators (calcium-channel
blockers and a-blockers) and inhibitors of the renin-angiotensin
system (ACE inhibitors and angiotensin-II receptor blockers).
Lipid-lowering drugs included statins, fibrates and ezetimibe,
and antiplatelet drugs aspirin and ADP receptor inhibitors. The
antidiabetic drugs coded included insulin, metformin, sulfony-
lurea, dipeptidyl peptidase-4 inhibitors, glucagon-like peptide-1
receptor antagonists, thiazolidinediones, and sodium-glucose
co-transporter 2 inhibitors.

Urinary peptides with different levels at last follow-up
between control and spironolactone-treated patients with a
two-sided significance of 0.01 were selected, and only those
keeping Benjamini-Hochberg-adjusted significance®® of <0.05
were carried through to further analyses. Correlation coeffi-
cients of the changes from baseline to follow-up in the urinary
peptides regressed on the serum biomarkers were compared
between treatment groups (control vs spironolactone), using
Fisher’s Z transformation.'* Between-group comparisons of
the slopes of these associations were tested by linear regression

models, including covariables, randomisation group, the
changes in the serum biomarker and the interaction term
between randomisation group and the changes in the serum
biomarker."

RESULTS

Patient characteristics

Descriptive data for the 290 patients in HOMAGE are shown in
table 1. The HOMAGE patients were intensively treated with
antihypertensive agents (n=280, 96.6%) and lipid-lowering
drugs (n=257, 88.6%), mainly statins (n=251, 86.6%), anti-
platelet drugs (n=218, 75.2%) and antidiabetic agents (n=105,
36.2%), insulin in 10 (3.4%) cases. None of the patients
randomised in the HOMAGE trial and included in the current
substudy was on treatment with sodium-glucose co-transport-
er-2 inhibitors. The analytical dataset of HOMAGE patients,
randomised to control (n=144) or spironolactone (n=146),
was well balanced with regard to risk factors, clinical charac-
teristics, routine biochemistry and serum PICP, CITP and the
PICP/CITP ratio (table 1). Compared with the 215 HOMAGE
patients not included in the present analyses, the 290 patients
analysed had a higher risk profile (online supplemental table
S1).
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Table 3  Between-group differences in the urinary peptide levels at last follow-up in HOMAGE trial

ID Symbol Control (n=144) Spironolactone (n=146) A (95% Cl)

€04960 COL1A1 3.9 (3.7-45.1) 3.9 (3.9-27.9) —0.264 (—0.443 to 0.085)**
08916 COL1A1 1946 (1432-2727) 2695 (1761-3011) 0.391 (0.173 to 0.609)***
€09408 COL1A1 685 (399-1168) 874 (627-1326) 0.461 (0.237 to 0.684)**
10266 COL1A1 14619 (9745-19 329) 17047 (12 212-22 490) 0.352 (0.128 to 0.577)**
e10395 COL1A1 5997 (4727-7358) 6585 (5204-8017) 0.322 (0.091 to 0.553)**
10437 COL1A1 359 (151-554) 459 (230-757) 0.341 (0.110 to 0.571)**
e10657 COL1A1 542 (207-1046) 784 (344-1369) 0.368 (0.139 to 0.597)**
e10863 COL1A1 2869 (2004-3984) 3301 (2606-4404) 0.299 (0.090 to 0.507)**
e11972 COL1A1 3216 (1617-5187) 2724 (1469-4216) —0.275 (-0.473 t0 0.078)**
e17425 COL1A1 58.4 (11.6-145) 19.7 (11.6-106) —0.322 (-0.514 t0 0.130)**
18740 COL1A1 6.6 (2.1-60.9) 2.1(2.1-31.5) -0.350 (~0.546 to 0.155)***
e10563 COL2A1 55.3 (3.4-215) 132.5 (3.4-365) 0.292 (0.060 to 0.523)*
€03506 COL3A1 234 (55-415) 179.3 (16.4-332) -0.316 (=0.540 to 0.092)***
e05700 COL3A1 25.8 (18.3-321) 18.8 (18.7-231) —0.268 (—0.456 to 0.081)**
e07668 COL3A1 3.1 (3.0-158) 109 (3.1-292) 0.387 (0.179 to 0.595)**
e18839 COL3A1 185 (28.9-454) 113 (3.5-392) —0.334 (-0.532 t0 0.136)**
e05473 COL4A1 5.8 (5.7-435) 5.8 (5.7-21.4) —0.245 (-0.441 to 0.050)*
e17131 COL6A1 150 (44-287) 211 (90.9-400) 0.381(0.161 to 0.601)*
e01100 COL7A1 91.1 (2.5-308) 29.1 (2.5-168) —0.234 (-0.428 to 0.040)*
02933 COL1A2 481 (333-620) 398 (261-549) -0.341 (-0.567 to 0.114)**
e04987 COL1A2 59.1 (6.1-281) 6.1 (6.1-161) —0.279 (-0.470 to 0.088)**
e16610 COL4A2 5.8 (5.7-31.1) 5.8 (5.7-5.8) -0.208 (-0.375 to 0.040)*
€09267 COL5A2 4.1 (4.0-14.0) 4.1 (4.1-6.8) —0.211 (-0.394 to 0.027)*
€20509 COL11A2 953 (481-2149) 822 (248-1741) —0.270 (-0.488 to 0.052)*
€15360 COL4A3 379 (186-589) 464 (193-779) 0.319(0.098 to 0.541)*
e16874 COL5A3 4.9 (4.9-17.3) 4.9 (4.8-4.9) —0.200 (-0.380 to 0.019)*
06373 COL4A6 257 (94.7-433) 216 (75.2-371) -0.278 (-0.462 to 0.945)*

ID is the laboratory identification number of the sequenced peptide. Values given for the sequenced peptides are medians of the non-normalised levels (IQR). A (95% Cl)

refers to the between-group difference (spironolactone minus control) with 95% CI. A (95% Cl) provides multivariable-adjusted estimates of the between-group differences in
standardised units, as required by the general linear model. Models were adjusted for sex, age, BMI, eGFR, the baseline value of the urinary marker, current smoking and drinking,
history of ischaemic heart disease and treatment at baseline and change in treatment at last follow-up with antihypertensive, lipid-lowering, antiplatelet and antidiabetic drugs.
Significance of the between-group differences was adjusted for multiple comparisons: *p<0.05; **p<0.01; ***p<0.001 (see table 2 for p values).

BMI, body mass index; eGFR, estimated glomerular filtration rate; HOMAGE, Heart ‘Omics’ in Ageing Study.

Urinary peptides

The 1498 sequenced urinary peptides retained in the analysis
were derived from 212 proteins and included 1109 (74.0%)
collagen fragments and 389 (26.0%) peptides derived from
other proteins. Peptide fragments were excluded from analysis
if they were derived from albumin, f2-microglobulin and the
fibrinogen o-chain (given their high concentration in blood);
uromodulin because of its renal origin and osteopontin as prom-
inent component of mineralised extracellular matrices.

At baseline, the levels of the selected urinary peptides were
similar in both randomisation groups (online supplemental
table S2). Given the balanced baseline characteristics of patients
randomised to control or spironolactone, the between-group
differences in the urinary and serum biomarkers and associ-
ated significance levels were not materially affected by adjust-
ment. Table 2 shows the 27 peptides that differed at follow-up
between spironolactone and control. All peptide fragments
were derived from collagen. With correction of significance for
multiple testing, 11 peptides were derived from COL1A1, 4
from COL3A1, 2 from COL1A2 and 1 peptide from each of 10
other collagens (table 2). Online supplemental table S3 lists the
amino acid sequence of the peptides retained in analyses and the
protein from which they were derived.

With control patients as reference, the effect of spironolac-
tone on urinary peptides is shown in table 3. Of the 11 peptides

derived from COL1A1, 7 had higher and 4 had lower levels on
spironolactone. Of four peptides derived from COL3A1, three
had lower levels on spironolactone and one had a higher level.
Of the two peptides derived from COL1A2, spironolactone
decreased both. Of the 27 peptide fragments, spironolactone
reduced 16, while the remaining 11 had higher urinary levels on
spironolactone compared with spironolactone.

Serum biomarkers
In unadjusted analyses (figure 1), spironolactone shifted the
whole distribution of serum PICP and the serum PICP/CITP
ratio downwards. Fully adjusted analyses (online supplemental
figure S5), in which the 9-month data were plotted against base-
line values confirmed this downward shift. Analyses adjusted for
sex, age, BMI, eGFR, smoking and drinking, history of ischaemic
heart disease, the baseline value of the biomarker and treatment
at baseline and subsequent treatment changes during follow-up
with antihypertensive, lipid-lowering, antiplatelet and antidia-
betic drugs (table 4) revealed no between-group differences in
CITP at months 1 and 9 (table 4). However, at months 1 and
9, serum PICP and the serum PICP/CITP ratio were lower on
spironolactone than control.

In fully adjusted analyses (figure 2 and online supplemental
table S4), the correlations between the changes from baseline
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Figure 1

Distribution of serum PICP (A) and the serum PICP/CITP ratio (B) at baseline and during follow-up by treatment group. PICP is a marker

of COL1A1 synthesis and CITP of COL1A1 (online supplemental figure S1). For each box plot, the central line, the upper and lower lines and the
upper and lower caps represent the median, IQR and the 5th to 95th percentile interval. Dots represent individual levels with extremes falling
outside the box and whiskers. The geometric means are given along the horizontal axes. P values are for the between-group differences at each time
point. The shift in the distributions on spironolactone indicate decreased COL1A1 synthesis. CITP, carboxyterminal telopeptide of collagen I; PICP,

carboxyterminal propeptide of procollagen I.

to follow-up in the urinary peptides and the corresponding
changes in CITP, the biomarker reflecting degradation of mature
COL1A1, were similar in patients randomised to control and
spironolactone. None of the correlations with CITP was signif-
icant if the COL1A1 fragments decreased from baseline to
follow-up (n=4), whereas the correlations with CITP were
significant if the COL1A1 fragments increased during follow-up
(n=7). Compared with the patients in control group (online
supplemental table S5), serum sodium decreased by 0.90 mmol/L
(95% CI 0.44 to 1.36mmol/L), whereas serum potassium
increased by 0.14 mmol/L (0.06 to 0.22 mmol/L) in the spirono-
lactone group at the last follow-up visit. Moreover, compared
with the control, eGFR (online supplemental table S5) decreased
by 2.49 mL/min/1.73 m* (—4.94 to —0.47 mL/min/1.73 m’) on
spironolactone.

DISCUSSION
This preplanned substudy to the randomised controlled
HOMAGE-RCT trial, to our knowledge for the first time

assessed UPP changes in response to spironolactone in patients
at high HF risk because of coronary heart disease. The following
key observations summarise the results. First, the UPP differ-
ences between control and spironolactone were exclusively
confined to 27 collagen fragments in line with the observation
that collagen fragments constitute >70% of the UPPR® Of these
27 fragments, 16 were downregulated on spironolactone and 11
upregulated (table 3). Second, compared with control, serum
PICP and the serum PICP/CITP ratio decreased on spironolac-
tone (table 4). Finally, the correlations and regression slopes
between the changes from baseline to follow-up in the urinary
peptides and the corresponding changes in CITP were similar
in patients randomised to control and spironolactone, but these
correlations only reached significance, if the COL1A1 fragments
were upregulated during follow-up (online supplemental table
S4).

The current study shows associations, of which the interpreta-
tion remains speculative although based on literature data. The
downward shift of serum PICP and the serum PICP/CITP ratio

Yu Y-L, et al. Heart 2024;0:1-8. doi:10.1136/heartjnl-2023-323796
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Table 4  Serum fibrosis biomarkers at baseline and during follow-up in HOMAGE trial

Circulating biomarker Control (n=144) Spironolactone (n=146) A (95% ClI) P value
PICP, pg/L
Baseline 80 (67-96) 81 (66-95) —0.043 (=0.274 t0 0.188) 0.72
Month 1 81 (69-97) 73 (60.1-92) —0.253 (-0.413 t0 0.093) 0.0025
Month 9 79 (66—100) 75 (61-90) -0.321 (-0.501 t0 0.142) 0.0007
CITP, pg/L
Baseline 3.72 (2.89-5.09) 3.74 (2.90-4.67) -0.058 (~0.283 to 0.168) 0.62
Month 1 3.80 (3.10-5.08) 3.93 (3.15-5.17) 0.105 (-0.048 to 0.257) 0.18
Month 9 3.82 (3.04-4.99) 4.00 (3.06-5.42) 0.079 (-0.101 to 0.259) 0.40
PICP/CITP
Baseline 21 (16-29) 22 (17-28) 0.001 (-0.225 to 0.228) 0.99
Month 1 22 (15-28) 18 (14-25) —0.240 (-0.406 to 0.074) 0.0056
Month 9 21 (16-29) 18 (13-26) —0.256 (—0.451 to 0.061) 0.013

Values given for the circulating biomarkers are medians of the non-normalised non-adjusted levels (IQR). A (95% Cl) refers to the between-group difference (spironolactone
minus control) with 95% Cl. A (95% Cl) provides multivariable-adjusted estimates of the between-group differences in standardised units, as required by the general linear
model. P value denotes the significance of the between-group differences. All models were adjusted for sex, age, BMI, eGFR, smoking and drinking, history of ischaemic heart
disease and treatment at baseline antihypertensive, lipid-lowering, antiplatelet and antidiabetic drugs. The 1-month and 9-month models were additionally adjusted for the
baseline value of the biomarker and the changes in the treatment status with antihypertensive, lipid-lowering, antiplatelet and antidiabetic drugs.

BMI, body mass index; CITP, carboxyterminal telopeptide of collagen I; eGFR, estimated glomerular filtration rate; HOMAGE, Heart ‘Omics’ in Ageing Study; PICP, carboxyterminal

propeptide of procollagen I.

on spironolactone replicates previous HOMAGE-RCT publica-
tions.*® Given the stochiometric ratios relating PICP to collagen
synthesis and CITP to the degradation of mature collagen-1
(online supplemental figure S1), the downregulation of urinary
collagen fragments probably represent reduced synthesis of
COL1A1 and by extension a lower body-wide pool of collagens
available for degradation. Moreover, the decrease in serum PICP
and the PICP/CITP ratio, respectively biomarkers of collagen
synthesis and the ratio of collagen synthesis-to-degradation,
might reflect the smaller collagen pool available for degra-
dation.’ ' Two mechanisms might explain why 11 collagen
fragments (7 COL1A1 fragments) were upregulated. First, the

A

30007 o Spironolactone

= Control

Ae10863

B =145.5£120.7
B =207.7+98.6

} p=0.88

4 3 -2 -1 0 1 2 3 4 5
ACITP (uglL)

correlations between the changes from baseline to follow-up in
the urinary peptides and the corresponding changes in CITD, the
serum marker reflecting degradation of mature COL1A1, were
similar in patients randomised to control and spironolactone
(online supplemental table S4), because in all conditions a certain
degree of collagen turnover remains necessary to maintain phys-
iological collagen scaffoldings. Another mechanism that might
contribute to the discordant trends in the levels of the urinary
peptides is a build-up of shorter collagen fragments due to the
degradation of longer fragments by proteases along the nephron
and the lower urinary tract.

B

150
100 -

50

Ae17425

-50 |

-100 - B =-3.26+4.39 } p=092

B =-8.51+6.57
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Figure 2 Linear associations between the changes over follow-up (A) in the COL1A1-derived peptides €10863 (A) and e17425 (B) regressed on
the change (A) in carboxyterminal telopeptide of collagen | (CITP). 10863 increased during follow-up, whereas e17425 decreased. CITP is a serum
biomarker of the degradation of mature COL1A1. The regression lines are presented with 95% Cl. The regression slopes (B) are given with SE. The
dotted lines indicate 3=0. The p values refer to the between-group (control vs spironolactone) in the regression slopes. Models are adjusted for sex,
age, body mass index, estimated glomerular filtration rate, smoking and drinking, history of ischaemic heart disease and treatment at baseline and
changes in treatment at last follow-up with antihypertensive, lipid-lowering, antiplatelet and antidiabetic drugs.
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The literature supports our interpretation of the current
findings. In a random-effect meta-analysis'® of 1038 patients
randomised in HOMAGE (47.0%),” Aldosterone Receptor
Blockade in Diastolic Heart Failure (ALDO-DHF, 37.29%)"” and
Treatment of Preserved Cardiac Function Heart Failure With an
Aldosterone Antagonist (TOPCAT, 15.7%),% treatment with
spironolactone for 9-12 months compared with placebo or
usual care reduced PICP by 7.4 ug/L (95% CI 0.9 to 13.9 mg/L).
This association between spironolactone and serum PICP was
not mediated by blood pressure.'® This meta-analysis was consis-
tent with the concept that spironolactone reduces COL1A1 in
patients with stages 3—4 of HE."® In a post hoc analysis of 1411
patients receiving spironolactone as add-on therapy in the Anglo-
Scandinavian Cardiac Outcomes Trial-Blood Pressure Lowering
Arm (ASCOT-BPLA) trial, the serum concentrations of procol-
lagen III amino-terminal propeptide (PIIINP) and PICP rose in
controls but fell on spironolactone treatment. The adjusted mean
changes were +0.52 (95% CI —0.05 to 1.09) vs —0.41 (—-0.97
to 0.16) ug/L for PIIINP and +4.54 (—1.77 to 10.9) vs —6.36
(=12.5 to —0.21) ug/L for PICP?! An aptamer-based proteomic
analysis used 5284 modified aptamers to 4928 unique proteins
in 164 TOPCAT patients with paired plasma samples at baseline
and 1 year.”? The top four canonical pathways were enriched
for multiple collagens that increased in the placebo group, but
decreased on spironolactone.”” In a previous HOMAGE-RCT
report,” higher serum PICP was associated with left ventric-
ular hypertrophy, left atrial enlargement and inversely with e’
as index of left ventricular stiffness (all p<0.05). Moreover, the
decrease in serum PICP in response to spironolactone was asso-
ciated with a decline in E/e’ (p=0.022).

Injury activates resident fibroblasts or mobilises bone marrow-
derived circulating fibrocytes and epithelial or endothelial
cells, and their transdifferentiate into o-smooth muscle actin-
expressing myofibroblasts that secrete the ECM components.
This process is required for wound repair in acute injury, but
produce excessive ECM deposition in response to persistent
injury.** Antifibrotic drugs remain a critically important unmet
medical need, as nearly 45% of all natural deaths in the Western
world are attributable to the complications of chronic fibrop-
roliferative disorders.”” Overall, the current findings might
provide new perspectives in the search for refurbished or novel
antifibrotic drugs and is therefore relevant for clinical practice.?
Furthermore, non-steroidal MR antagonists and sodium-glucose
co-transporter-2 inhibitors have potent anti-inflammatory and
antifibrotic properties.”” Given the present findings, UPP analysis
combined with measurement of circulating fibrosis biomarkers
offers novel perspectives in documenting the antifibrotic prop-
erties of novel drug classes. Of note, the serum PICP decrease
produced by empagliflozin in the Empagliflozin Outcome Trial
in Patients with Chronic Heart Failure (EMPEROR) was of the
same order of magnitude as in the current study: 5% at 12 weeks
and 8% at 52 weeks.”’

Strengths and limitations

The randomised design of the current analysis, the first-time use
of UPP data in the assessment of MR antagonism and the explo-
ration of the changes in the urinary and serum fibrosis markers
in response to spironolactone are among the strong points of
the current study. However, the present study also has limita-
tions. First, changes in CITP were not significant because of
the smaller sample size compared with the full trial,” although
the trends were similar. Second, one possible drawback of the
CE-MS approach is the application of the ultrafiltration with the

threshold set at 20 kDa, so that larger proteins escape analysis.
Finally, proteases active along the nephron and distal urinary
tract might affect the urinary peptide fragments detected by UPP
analysis. However, in a placebo-controlled study of a dipep-
tidyl peptidase-4 inhibitor,® the UPP included pairs of peptide
chains, that is, the substrate for the protease activity (eg, PPGP-
PGKNGDDGEAGKPG) and the resulting breakdown product
(eg, GPPGKNGDDGEAGKPG). In the current study, the UPP
did not contain such peptide pairs, so that the assumption that
spironolactone influenced the UPP by changing protease activity
along the urinary tract could not be confirmed for the peptides
retained in the analyses. However, this does not exclude degra-
dation of peptides along the urinary tract, which were not
retained in the analysis.

CONCLUSIONS

In patients prone to HF because of coronary heart disease,
spironolactone compared with control reduced 16 urinary
collagen fragments and increased 11 with no other differential
changes in the urinary proteome. Spironolactone did not affect
the relation between urinary and serum fibrosis markers. The
interpretation of these factual observations is that MR antag-
onism predominantly downregulated urinary collagen-derived
peptides, most likely by shrinking the body-wide pool of colla-
gens. Why some urinary collagen fragments increased might
be attributed to the maintenance of some degree of collagen
synthesis and scaffolding to sustain vital organ functions or to
the activity of proteases along the nephron and lower urinary
tract. Combining urinary and serum fibrosis markers opens new
avenues for discovery of antifibrotic drugs and refines insight in
the action of antifibrotic drugs.
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Urinary proteomics
All steps of the CE-MS analysis and the performance of the analytical platform have recently

been described in detail.1

Sample preparation and CE-MS analysis

Urine aliquots were thawed and 700 pL mixed with 700 pl of 2 M urea, 10 mM NH,OH
containing 0-02 % SDS. Subsequently, samples were ultrafiltered using a Centristat 20 kDa
cut-off centrifugal filter device (Satorius, Géttingen, Germany) to eliminate high molecular
weight proteins. The obtained filtrate was desalted using a PD 10 gel filtration column (GE
Healthcare Bio Sciences, Uppsala, Sweden) to remove urea, electrolytes and salts as well as
to enrich polypeptides. The samples were lyophilised and stored at 4°C before usage.
Shortly before CE-MS analysis, the samples were re-suspended in 10 uL HPLC-grade H.0.
Samples were injected into CE-MS with 2 psi for 99 sec, resulting in injection volumes of
~280 nL.

A P/ACE MDQ capillary electrophoresis system (Beckman Coulter, Fullerton, CA) was
coupled with a Micro-TOF MS (Bruker Daltronic, Bremen, Germany). A solution of 20%
acetonitrile (Sigma-Aldrich, Taufkirchen, Germany) in HPLC-grade water (Roth, Karlsruhe,
Germany) supplemented with 0-94% formic acid (Sigma-Aldrich) was used as running buffer.
For CE-MS analysis, the electrospray ionization interface from Agilent Technologies (Palo
Alto, CA) was set to a potential of -4-0 to -4-5 kV. Spectra were recorded over an m/zrange

of 350-3000 and accumulated every 3 s.

CE-MS data processing
After the CE-MS analysis, mass spectral ion peaks representing identical molecules at
different charge states were deconvoluted into single masses using MosaFinder software.2

Only signals with z>1 observed in a minimum of 3 consecutive spectra with a signal-to-noise
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BMJ Publishing Group Limited (BMJ) disclaims al liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Heart

Page 4 of 21

ratio of at least 4 were considered. The resulting peak list characterises each polypeptide by
its mass and migration time. Data were calibrated utilizing 3151 internal standards as
reference data points for mass and migration time by applying global and local linear
regression, respectively. Reference signals of 29 abundant peptides were used as internal
standards for calibration of signal intensity using linear regression. This procedure is highly
reproducible and addresses both analytical and dilution variances in a single calibration
step.3 The obtained peak list characterises each polypeptide by its calibrated molecular
mass [Da], calibrated CE migration time [min] and normalised signal intensity. All detected
peptides are deposited, matched, and annotated in a Microsoft SQL database allowing

further statistical analysis.

Sequencing of peptides

Candidate biomarkers were sequenced using CE-MS/MS or LC-MS/MS analysis, as
described in detail.4 MS/MS experiments were using an Ultimate 3000 nano-flow system
(Dionex/LC Packings, USA) or a P/ACE MDQ capillary electrophoresis system (Beckman
Coulter, Fullerton, CA), both connected to an LTQ Orbitrap hybrid mass spectrometer
(Thermo Fisher Scientific, Germany) equipped with a nano-electrospray ion source. The
mass spectrometer is operated in data-dependent mode to automatically switch between MS
and MS/MS acquisition. Survey full-scan MS spectra (from m/z 300—2,000) were acquired in
the Orbitrap. lons were sequentially isolated for fragmentation. Data files were searched
against the UniProt human nonredundant database using Proteome Discoverer 2-4 and the
SEQUEST search engine. Relevant settings were: no fixed modifications, oxidation of
methionine and proline as variable modifications. The minimum precursor mass was set to
790 Da, maximum precursor mass to 6000 Da with a minimum peak count of 10. The high-

confidence peptides were defined by cross-correlation (Xcorr) >1.9 and rank = 1. Precursor
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mass tolerance and fragment mass tolerance were 5 ppm and 0.05 Da, respectively. For
further validation of obtained peptide sequences, the correlation between peptide charge at
the working pH of 2 and CE-migration time was utilised to minimise incorrect sequence
assignment:5 calculated CE-migration time of the sequence candidate based on its peptide

sequence (number of basic amino acids) was compared to the experimental migration time.
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Serum biomarkers

PICP was quantified by an enzyme linked immunosorbent assay (Quidel Corporation, San
Diego, CA) and CITP by a quantitative radio-immunoassay (Orion Diagnostica, Espoo,
Finland). The detection limits were 0.2 ug/L for PICP and 0.6 ng/L for CITP. All inter- and

intra-assay coefficients of variation were <10%.

References
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Ethics approval
The HOMAGE trial was conducted in nine centres in the United Kingdom, France, Italy,
Ireland, Germany and the Netherlands. The trial was approved by relevant ethics committees
and regulatory bodies. The name of the Ethics Committee for each country and the
reference numbers of the ethical approvals are listed below.

o Greater Manchester Central Research Ethics Committee (No. 16/NW/0012).

o Comité de Protection des Personnes Est-IIl, Hopital de Brabois (No. 15.03.04).

o Comitato Etico Regione Toscana (No. 378/CEAVSE).

o Ethics and Medical Research Committee (No. 16/6/2015).

o Ethik-Kommission des Landes Berlin (No. 7.0.21/07/2016).

o De medisch-ethische toetsingscommissie (No. NL52729.068.15).
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Table S1 Comparison of patients analysed and not analysed (starts)

Characteristic Analysed Not analysed p

Number in group 290 215

Number (%)
Women 69 (23.8) 57 (26.5) 0.4851
Past smoking 171 (59.0) 117 (54.4) 0.3074
Current smoking 19 (6.5) 23 (10.7) 0.0693
Drinking alcohol 69 (23.8) 20 (9.3) <0.0001
Hypertension 217 (74.8) 177 (82.3) 0.0442
Diabetes 64 (22.1) 20 (9.3) 0.0001
Antihypertensive treatment 280 (96.6) 92 (42.8) 0.1096
Lipid-lowering treatment 257 (88.6) 159 (74.0) <0.0001
Antiplatelet drugs 218 (75.5) 142 (66.0) 0.0250
Antidiabetic agents 257 (88.6) 201 (93.5) 0.1337
History of IHD 235 (81.1) 130 (60.5) <0.0001

Clinical characteristics
Age (y) 73.846.0 735473 0.5879
Body mass index (kg/m2) 28.845.1 28.9145.0 0.7618
Systolic blood pressure (mm Hg) 138.3+18.2 139.5+17.7 0.4758
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Table S1 Comparison of patients analysed and not analysed (ends)

Characteristic Analysed

Not analysed p
Diastolic blood pressure (mm Hg) 77.6+10.3 77.8+9.6 0.8491
Heart rate (bpm) 61.4+8.7 62.148.5 0.4201
Routine biochemistry
Serum sodium (mmol/L) 139.2+2.6 139.1+2.6 0.5734
Serum potassium (mmol/L) 4.36+0.37 4.33+0.33 0.3787
eGFR (mL/min/1.73 m2) 67.1+x15.3 70.8+17.4 0.0122
Total cholesterol (mg/dL) 149.8+42.4 141.4453.1 0.0479
HbA1C (%) 6.11+1.31 6.13+1.02 0.8979

Data are presented as arithmetic mean + standard deviation, n (%) or median (interquartile range) for variables deviating from the normal distribution.
p-values were computed by the large sample Z test (after rank normalization, if appropriate) for continuously distributed variables or by the %2 statistic or
Fisher’s exact test, as appropriate according to the cell frequencies, for categorical variables. Abbreviations: eGFR, glomerular filtration rate estimated

from serum creatinine according to the Chronic Kidney Disease Epidemiology equation; HBA1C, glycated haemoglobin.
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o conte! Spienclctone
604960 COL1A1 4.81 (4.31-33.9) 4.81 (4.71-37.8)
08916 COL1A1 2133 (1644-2984) 1981 (1495-2649)
09408 COL1A1 725 (415-1297) 679 (455-1034)
610266 COL1A1 14,824 (10,672-20,817) 15,567 (9956-20,058)
10395 COL1A1 6150 (4872-7577) 5887 (4909-7096)
610437 COL1A1 415 (197-649) 374 (170-637)
610657 COL1A1 691 (309-1245) 488 (211-1084)
10863 COL1A1 2901 (2127-3916) 2803 (2071-3953)
e11972 COL1A1 3179 (1469-4696) 3267 (1818-4775)
e17425 COL1A1 45.4 (11.0-126) 55.9 (11.1-151)
18740 COL1A1 6.50 (6.49-47.9) 6.62 (6.50-43.2)
10563 COL2A1 129 (8.15-312) 109 (8.15-312)
03506 COL3A1 190 (63.5-351) 196 (66.5-355)
05700 COL3A1 5.17 (4.36-327) 5.52 (5.36-305)
07668 COL3A1 60.5 (13.3-274) 17.7 (13.3-259)
18839 COL3A1 209 (23.8-519) 193 (63.9-486)
05473 COL4A1 2.62 (2.44-26.7) 2.62 (2.44-50.5)
e17131 COLBAT 156 (61.1-347) 157.1 (3.10-339.1)
01100 COL7A1 94.7 (4.85-253) 87.7 (4.85-206.3)
02933 COL1A2 468 (273-619) 441 (295-656)
604987 COL1A2 66.6 (9.97-279) 43.9 (9.97-290.4)
16610 COL4A2 5.26 (4.89-23.5) 5.26 (4.88-31.7)
09267 COL5A2 3.34 (2.96-10.8) 3.34 (3.08-13.3)
620509 COL11A2 879 (362-1776) 1025 (444-1858)
15360 COL4A3 358 (175-678) 339 (176-643)
616874 COL5A3 4.56 (4.07-17.0) 4.56 (3.75-20.8)
06373 COL4A6 190 (72.8-367) 230 (88.0-409)

ID is the laboratory identification number of the peptide fragment. Symbol refers to the parental protein
(see table S3). Tabulated values are median (interquartile range) of the urinary peptides retained in the
statistical analysis. There were no between-group differences in the urinary peptide levels (p=0.29).
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Table S3 Urinary peptide sequences retained in the analyses (starts)

ID Symbol Amino-acid sequence Protein (Uniprot ID)

04960 COL1A1 GppGpPGSpGEQGPSG collagen alpha-1 (l) chain (P02452)
e08916 COL1A1 DDGEAGKPGRpGERGpPGP collagen alpha-1 (I) chain (P02452)
€09408 COL1A1 GDDGEAGKpGRPGERGPPGp collagen alpha-1 (I) chain (P02452)
10266 COL1A1 NGDDGEAGKpGRpGERGPPGP collagen alpha-1 (I) chain (P02452)
10395 COL1A1 NGDDGEAGKpGRPGERGpPGp collagen alpha-1 (I) chain (P02452)
€10437 COL1A1 AEGSPGRDGSpGAKGDRGETGP collagen alpha-1 (I) chain (P02452)
e10657 COL1A1 AEGSpGRDGSpGAKGDRGETGp collagen alpha-1 (I) chain (P02452)
10863 COL1A1 DGQPGAKGEpGDAGAKGDAGPPGp collagen alpha-1 (I) chain (P02452)
e11972 COL1A1 ADGQpGAKGEPGDAGAKGDAGppGPA collagen alpha-1 (I) chain (P02452)
e17425 COL1A1 AGPTGARGAPGDRGEPGPpGpAGFAGpPGADGQPGAK collagen alpha-1 (I) chain (P02452)
18740 COL1A1 DKGETGEQGDRGIKGHRGFSGLQGppGPPGSPGEQGP collagen alpha-1 (I) chain (P02452)
e10563 COL2A1 NPGEPGEpGVSGPMGpRGPpGP collagen alpha-1 (ll) chain (P02458)
03506 COL3A1 SpGERGETGppGP collagen alpha-1 (lll) chain (P02461)
e05700 COL3A1 TGpGGDKGDTGPpGPQG collagen alpha-1 (Ill) chain (P02461)
07668 COL3A1 GTGGPpGENGKpGEpGPKG collagen alpha-1 (lll) chain (P02461)
18839 COL3A1 GPPGMPGPRGSPGpQGVKGESGKpGANGLSGERGPPGPQG collagen alpha-1 (Ill) chain (P02461)
e05473 COL4A1 GPpGFTGPPGPPGPPGP collagen alpha-1 (IV) chain (P02462)
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Table S3 Urinary peptide sequences retained in the analyses (ends)

ID

Symbol Amino-acid sequence

Protein (UniProt ID)

e17131
01100
02933
04987
e16610
09267
20509
e15360
e16874
e06373

COLBA1 PPGDPGLMGERGEDGpAGNGTEGFpGFPGYPGN

COL7A1 DRGEpGPpGP

COL1A2  GppGPDGNKGEpG

COL1A2  pGPQGVQGGKGEQGp

COL4A2  DTGNPGAPGTpGTKGWAGDSGpQGRpGVFGLPG

COL5A2  PGPVGApGDAGQRGDPGSRGP

COL11A2  GEHGpPGPPGPIGPVGQPGAAGADGEPGARGPQGHFGAKGDEGTRGFNGP
COL4A3  GpKGDpGIpGLDRSGFpGETGSPGIPGHQ

COL5A3  DLGPpGDpGVSGIDGSpGEKGDPGDVGGPGPPGASG

COL4A6  SGpPGFPGLGTTGEKGE

collagen alpha-1 (VI) chain (P12109)
collagen alpha-1 (VII) chain (Q02388)
collagen alpha-2 (l) chain (P08123)
collagen alpha-2 (I) chain (P08123)
collagen alpha-2 (1V) chain (P08572)
collagen alpha-2 (V) chain (P05997)
collagen alpha-2 (XI) chain (P13942)
collagen alpha-3 (1V) chain (Q01955)
collagen alpha-3 (V) chain (P25940)
(

Collagen alpha-6(IV) chain (Q14031)

ID is the laboratory identification number of the peptide fragment. Bolded IDs indicate urinary peptide fragments upregulated on spironolactone compared to

wan

control (see table 3). A lower case “p” in the amino-acid sequence indicates hydroxyproline. The protein identification number was obtained from the UniProt
database (www.uniprot.org).

YuY-L, et al. Heart 2024;0:1-8. doi: 10.1136/heartjnl-2023-323796


http://www.uniprot.org/

arising from any reliance

BMJ Publishing Group Limited (BMJ) disclaims all liabjlity and responsibilit
: i ( y S ¥he author(s) Heart

Supplemental material placed on'this supplemental material which has been supplied by

Page 13 of 21

Table S2 Correlations between the changes over follow-up in COL1A1-derived urinary peptides and CITP

Control (n=144) Spironolactone (n=146)
Biomarkers Poir
r(95% Cl) p r(95% Cl) p

Increasing peptide levels
A e08916 (COL1AT) 0.079 (-0.085, 0.240) 0.34 0.025 (-0.138, 0.187) 0.77 0.12
A e09408 (COL1AT) 0.122 (-0.042, 0.280) 0.14 0.081 (-0.083, 0.240) 0.33 0.053
A e10266 (COL1AT) 0.145 (-0.019, 0.302) 0.080 0.051 (-0.112, 0.212) 0.54 0.33
A e10395 (COL1AT) 0.208 (-0.046, 0.359) 0.012 -0.072 (-0.232, 0.091) 0.39 0.47
A e10437 (COL1AT) 0.259 (0.100, 0.406) 0.0016 0.165 (-0.003, 0.319) 0.045 0.61
A e10657 (COL1AT) 0.188 (0.025, 0.341) 0.024 0.149 (-0.013, 0.304) 0.071 0.078
A e10863 (COL1AT) 0.198 (0.035, 0.350) 0.017 0.221 (0.060, 0.370) 0.0071 0.36

Decreasing peptide levels
A e04960 (COL1A1) -0.0083 (-0.167, 0.160) 0.97 0.101 (-0.063, 0.259) 0.23 0.97
A e11972 (COL1AT) -0.033 (-0.131, 0.195) 0.69 -0.073 (-0.232, 0.091) 0.38 0.81
A e17425 (COL1A1) -0.076 (-0.237, 0.089) 0.36 -0.089 (-0.248, 0.075) 0.28 0.66
A e18740 (COL1AT) -0.076 (-0.237, 0.089) 0.36 0.078 (-0.085, 0.238) 0.35 0.38

A, change from baseline to month 9; CITP, collagen type | C-terminal telopeptide (marker of degradation of mature collagen-1). Tabulated values are partial
correlation coefficients (r) given with 95% confidence interval. Models are adjusted for sex, age, BMI, eGFR, smoking and drinking, history of ischaemic heart
disease and treatment at baseline and changes in treatment at last follow-up with antihypertensive, lipid-lowering, antiplatelet and antidiabetic drugs. Peptide
levels increasing or decreasing from baseline to month 9 are listed in Table 3. p and pp,r refer to the significance of the correlation coefficients and the
significance of the between-group differences in the partial correlation coefficients.
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Table S3 Between-group differences in serum electrolytes and glomerular filtration at last follow-up visit

Control Spironolactone

Trial Biomarker (n=144) (n=146) A (95% Cl) p

Serum Nat+ (mmol/L) 139.3+0.2 138.4+0.2 -0.90 (-1.36, -0.44) 0.0001
Serum K+ (mmol/L) 4.39+0.03 4.53+0.03 +0.14 (+0.06, +0.22) 0.0008
eGFR (mL/min/1.73 m2) 70.7+0.86 68.18+0.85 -2.49 (-4.94, -0.47) 0.047

Values are means + SE or median (interquartile range). A (95% CI) provides multivariable-adjusted estimates of the between-group differences . Models were
adjusted for sex, age, BMI, eGFR, the baseline value of the urinary marker, current smoking and drinking, history of ischaemic heart disease and treatment at
baseline and changes in treatment at last follow-up with antihypertensive, lipid-lowering, antiplatelet and antidiabetic drugs. eGFR is the glomerular filtration rate
estimated from serum creatinine according to the Chronic Kidney Disease Epidemiology equation.
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Figure S1

Circulating biomarkers of collagen turnover. Procollagen type-l amino-terminal propeptide (PINP) and
procollagen type-I carboxy-terminal propeptide (PICP) are released during conversion of procollagen
type-1 to collagen type-1 and carboxyterminal telopeptide of type-I collagen (CITP) during the
degradation of collagen type-1 by matrix metalloproteinases (MMPs), which are inhibited by tissue
inhibitor of the matrix metalloproteinase type-1 (TIMP1). Procollagen type-Ill amino-terminal propeptide
(PIIINP) and procollagen type-Ill carboxy-terminal propeptide (PIIICP) are released during conversion of
procollagen type-Ill to collagen type-lll. Bracketed numbers indicate the stoichiometric ratio. PICP and
CITP, which were analysed in the current HOMAGE Trial dataset, are serum markers of collagen type-1
synthesis and degradation, respectively. PIINP is an indirect indicator of collagen-Ill synthesis,
because cleavage at the amino-terminus proceeds at a relatively slow rate and, thus, partially
processed procollagen molecules remain bound to the surface of collagen type-Ill fibres (JACC
2015;65:2449-2456).
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HOMAGE
Assessed for eligibility (1=877) |

Excluded (n=350)
Natriuretic peptide out of range (n=253)
Atrial fibrilation (n=16)
LVEF <45% (n=13)
Serum K >5.0 mmol/L (n=9)
Receiving loop diuretic or MRA (n=7)
Valve disease (n=5)
Other reasons (n=48)

| Randomised (n=527) |

| : }
Control (n=262) Intervention (n=265)
Received allocated intervention (n=262) Received allocated intervention (n=255)
Did not receive allocated intervention (n=10)
Analysed (n=255) Analysed (n=251)
Excluded from analysis Excluded from analysis
Death (n=2) Death (n=2)
Did not attend final visit (n=5) Did not attend final visit (n=12)

1498 sequenced peptides
with signal in 230% of participants
at BL, 1 and 9 months

Control Spironolactone
n=144 n=146

Analytical dataset
n=290

Figure S2

Flow chart of the HOMAGE analytical dataset. LVEF, left ventricular ejection fraction; BL, baseline.
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Figure S3

Rank normalisation of a carboxyterminal telopeptide of collagen | (CITP), a serum marker of
collagen | degradation. Panels A and B show the distribution plots before (A) and after (B) rank-
normalisation; panels C and D show the normal percentile plots before (C) and after (D) rank
normalisation. The solid and dotted lines represent the normal and kernel density distributions. n,
M and SD refer to the number of patients, the arithmetic means and standard deviation. W is the
Shapiro-Wilk statistic and p is the associated significance. A significant Shapiro-Wilk test

indicates deviation from the normal distribution.
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Figure S4

Rank normalisation of urinary peptide fragment e08916 derived from collagen |I. Panels A and B
show the distribution plots before (A) and after (B) rank-normalisation; panels C and D show the
normal percentile plots before (C) and after (D) rank normalisation. The solid and dotted lines
represent the normal and kernel density distributions. n, M and SD refer to the number of
patients, the arithmetic means and standard deviation. W is the Shapiro-Wilk statistic and p is
the associated significance. A significant Shapiro-Wilk test indicates deviation from the normal

distribution.
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Linear associations between the 9-month serum PICP (A) and the serum PICP/CITP ratio (B) regressed on the baseline levels by treatment
group. PICP (carboxyterminal propeptide of procollagen 1) is a marker of COL1A1 synthesis and CITP (carboxyterminal telopeptide of
collagen 1) of COL1A1 degradation (see supplemental figure 1). The regression lines are presented with 95% confidence interval. The

regression slopes (B) are given with standard error. p values refer to the between-group (control vs spironolactone) in the regression slopes.

Models are adjusted for sex, age, BMI, eGFR, smoking and drinking, history of ischaemic heart disease and treatment at baseline and

changes in treatment at last follow-up with antihypertensive, lipid-lowering, antiplatelet and antidiabetic drugs.
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