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A B S T R A C T

Proenkephalin (PENK) is a novel biomarker of kidney function associated with cardiovascular risk in patients
with cardiovascular disease. Its association with cardiovascular outcomes in ambulatory individuals is less
described. In an observational study of 199 ambulatory Veterans enrolled from April to September 2010, we
assessed PENK’s association with major adverse cardiac events (MACE − cardiovascular death, heart failure [HF]
hospitalization, myocardial infarction [MI], or stroke) and individual outcomes of all-cause mortality, incident
HF, and cardiovascular death using Cox regression. We also assessed the association of PENK with left ventricular
ejection fraction (LVEF), left ventricular end-diastolic diameter (LVEDd), and left ventricular mass index (LVMi)
with linear regression. The mean age was 66 ± 12 years, 99 % were men, and 76 % were White, with median
follow-up of 12.7 years. Each two-fold higher PENK was associated with a 73 % higher risk of MACE in unad-
justed analysis (HR 1.73; 95 % CI 1.00, 2.99; p = 0.043), though this association lost significance after adjusting
for confounders (HR 1.69; 95 % CI 0.90–3.15; p = 0.098). PENK was not associated with all-cause mortality,
incident HF or cardiovascular death, although risk estimates were elevated with wide confidence intervals for
incident HF and cardiovascular death. PENK was not associated with LVMi or LVEDd but had a non-linear
relationship with LVEF with low and high PENK associated with lower LVEF. In conclusion, PENK may be
associated with a higher risk of MACE in ambulatory Veterans with diverse health statuses; however, further
studies are needed.
Abbreviations: PENK: Proenkephalin A; MACE: Major Adverse Cardiac Events.

1. Introduction

Chronic kidney disease (CKD) is a common comorbidity afflicting 14
% of US adults and associated with significant healthcare expenditure
and greater risk of death [1]. Kidney disease is associated with a greater
risk of cardiovascular disease (CVD) and CVD is the most common cause
of death among patients with CKD [1]. Kidney function has been
traditionally assessed with serum creatinine or albuminuria, markers of
glomerular function and injury, respectively, and higher levels of both
markers independently associated with a greater risk of all-cause mor-
tality and cardiovascular mortality [2]. However, serum creatinine has
many shortcomings as a marker of glomerular function including

variability in creatinine production based on muscle mass, diet, and
physical activity, variable secretion by the kidney tubule, and clearance
by non-kidney pathways [3]. These shortcomings have prompted in-
terest in alternative biomarkers of glomerular function that also inde-
pendently capture risk for adverse outcomes and easily integrate into
clinical care through routine medical practices such as blood draws.
Cystatin C is one such alternate biomarker that has recently been inte-
grated into clinical care and does not share the variability of creatinine
and is associated with cardiovascular outcomes [4]; however, it also has
disadvantages of reduced accuracy in patients with rapid cell turnover,
uncontrolled thyroid disease, or corticosteroid use [3]. Thus, there is
potential that additional biomarkers of glomerular function may be
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useful for prognostication of CVD in kidney disease. Proenkephalin A
(PENK) is a precursor peptide of metabolites of the endogenous opioid
system and is a more stable surrogate biomarker of endogenous opioids
[5]. PENK is freely filtered at the glomerulus and plasma levels have
been shown to closely reflect glomerular filtration function like creati-
nine, with higher PENK reflecting lower glomerular filtration rate [6].
Additionally, higher PENK levels have been associated with worse car-
diovascular outcomes including worse diastolic dysfunction, greater risk
of recurrent myocardial infarction (MI), incident heart failure (HF) [6],
higher risk of HF hospitalization [7], and higher risk of death [8]. While
these studies suggest PENK may be able to capture risk for CVD, they all
recruited specific patient populations with pre-existing CVD with rela-
tively short follow-up. In this study, we evaluated if plasma PENK was
associated with incident cardiovascular events and measurements of
cardiovascular structure and function on echocardiography in a conve-
nience sample of ambulatory Veterans presenting for an outpatient
echocardiogram. We hypothesized that PENK would be associated with
cardiovascular outcomes in a general Veteran population independent
of serum creatinine.

2. Methods

This analysis utilized data from a prospective observational study of
ambulatory Veterans undergoing echocardiography at the San Diego
Veterans Affairs Medical Center (SDVAMC) from 2010 to 2017 for
clinical indications. The study was approved by the institutional review
board at the SDVAMC (IRB # H210144). Ambulatory Veterans pre-
senting to the SDVAMC for an outpatient echocardiogram were
approached for participation in the study. Veterans who had echocar-
diograms performed solely to rule out an intracardiac thrombus or
vegetation were excluded. After obtaining written consent, a research
blood specimen was collected, immediately centrifuged, and plasma was
collected and stored at − 80 ◦C. The participant then completed their
echocardiogram after the blood specimen was collected.

A total of 200 Veterans recruited between April and September 2010
had PENK measured. One participant was receiving dialysis and
excluded, leaving 199 Veterans as the analytic cohort for this study.

Participant demographics, past medical history, and medications
used at time of enrollment were abstracted from the electronic medical
record. Medical history (documented history of diabetes mellitus (DM),
HF, hypertension, coronary artery disease (CAD), hyperlipidemia, or
atrial fibrillation) was collected from review of the medical record. The
most recent laboratory value at or before the time of enrollment was also
obtained from the electronic medical record, with values allowed up to
3 years prior to enrollment. The estimated glomerular filtration rate
(eGFR) was calculated using the 2021 CKD-EPI race free equation.
Echocardiographic parameters were measured on the date of
enrollment.

The primary outcome was a composite of major adverse cardiovas-
cular events (MACE) which included death from cardiovascular disease,
non-fatal cerebral vascular accident (CVA), MI, and hospitalization for
HF. The secondary outcomes were the individual outcomes of death
from cardiovascular cause, new-onset HF, hospitalization for HF, and
MI. Outcomes were determined based on chart review through July
2023. Cause of death was determined via documentation in discharge
summaries or physician notes, or death certificates, if available. Only
events for which cardiovascular cause of death could be confirmed were
marked as cardiovascular death. For new-onset HF, individuals with a
history of prevalent HF were excluded from the analysis. Echocardio-
graphic indices assessed included left ventricular ejection fraction
(LVEF), left ventricular end-diastolic diameter (LVEDd), and left ven-
tricular mass index (LVMi).

Plasma PENK levels were measured using a chemiluminometric
sandwich immunoassay targeted towards amino acids 119–159 of PENK
as previously described [9]. Samples were measured in 2014, one to
three years after collection and only underwent one freeze–thaw cycle

before measurement. PENK concentrations are stable after extended
frozen storage and through multiple freeze–thaw cycles, and our storage
and measurement are in line with prior studies of PENK [6,7,8,10]. The
lower limit of detection for this assay was 5.5 pmol/L. The intra-assay
and inter-assay coefficients of variation were 6.4 % and 9.5 % respec-
tively at 50 pmol/L and 4.0 % and 6.5 % at 150 pmol/L. Samples were
measured in in duplicate and averaged.

Baseline characteristics of the study population were reported by
quartiles of PENK. Differences between quartiles in baseline character-
istic were compared with analysis of variance (ANOVA) for normally
distributed variables, Mann-Whitney U test for non-normally distributed
variables, and Chi-square test for categorical variables.

The distribution of PENK was right skewed and values were log base
2 transformed for continuous analyses such that associations should be
interpreted as “per two-fold higher” biomarker value. Less than 5 % of
data was missing at random. These values were imputed with a total of 5
imputed data sets and results from these datasets were pooled according
to Rubin’s rule [11]. The association between PENK and longitudinal
outcomes was assessed using Cox regression with nested multivariable
models. First, the association of PENK with outcomes was evaluated in
an unadjusted model. Next, in Model 1 we adjusted for age, race, body
mass index (BMI), systolic blood pressure, history of diabetes mellitus
(DM), history of hypertension, history of hyperlipidemia, history of
coronary artery disease (CAD), history of HF, and blood pressure
medication use. Model 2 adjusted for variables in Model 1 plus the
serum creatinine value measured closest to enrollment. We chose to
adjust for serum creatinine rather than estimated glomerular filtration
rate (eGFR) to compare PENK performance more directly as a biomarker
with serum creatinine as a biomarker. We also evaluated PENK modeled
as quartiles and a restricted cubic spline with 3 knots to assess for non-
linear associations. In a sensitivity analysis, we performed a competing
risks analysis for any outcomes that did not include all-cause mortality
using methods of Fine-Gray to obtain the sub-distribution hazard ratio
(sHR) [12].

We assessed the association of PENK with echocardiographic mea-
surements using linear regression with nested multivariable models.
Nested models were constructed as above for Cox regression. We again
evaluated PENK modeled by quartiles and as a restricted cubic spline
with 3 knots to assess for non-linear associations.

Since the cohort included individuals with (n = 113) and without (n
= 86) a history of cardiovascular disease (CVD; defined as history of HF,
CAD, or CVA), in whom the association of PENK with outcomes may
vary, we tested the interaction between PENK and CVD status
(PENK*CVD) in fully adjusted models. Given the smaller size of these
subgroups, we considered a p-value < 0.10 significant with findings
considered hypothesis generating. For all other analyses, a p-value <

0.05 was considered significant. All analyses were performed using R
Statistical Software (version 4.2.2, R Core Team (2022). R: A language
and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. https://www.R-project.org/.).

3. Results

The mean age of participants was 66± 12 years, 99 % of participants
were men and 76 % were White (Table 1). The average serum creatinine
and eGFR were 1.08 ± 0.26 mg/dL and 79 ± 19 ml/min/1.73 m2,
respectively, and the average PENK was 63.6 ± 25.9 pmoL/L. Comorbid
conditions included a history of HF in 23 % of the cohort, history of DM
in 30 %, hypertension in 84 %, CAD in 42 %, prior CVA in 11 %,
hyperlipidemia in 72 %, and atrial fibrillation in 23 %. When comparing
baseline characteristics across quartiles of PENK, the average age and
creatinine increased with higher quartiles of PENK while average eGFR
declined with higher levels of PENK.

Over a median follow up of 12.7 years (IQR 6.2, 13.0 years), 51 % of
participants died, 21 % had MACE, 9 % died from cardiovascular causes,
and 1.2 % had a new diagnosis of HF. Each doubling of PENK was
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associated with a 73 % greater risk of MACE in unadjusted analysis
(Table 3, hazard ratio [HR] 1.73; 95 % confidence interval [CI] 1.00,
2.99; p = 0.043). After adjusting for confounders in Model 1, the HR
remained similar, but the association was no longer statistically signif-
icant (HR 1.67; 95 % CI 0.92, 3.03; p = 0.090). Similarly, when
adjusting for serum creatinine, HR for PENK did not appreciably change
but overall association remained not significant (HR 1.69; 95 % CI 0.90,
3.49; p = 0.098). When MACE was analyzed for the competing risk of
non-cardiac death in the fully adjusted model, the association was the
same as Cox regression (sHR 1.69; 95 % CI 0.92, 3.13; p = 0.092).
Assessing the association by quartiles of PENK showed a step-wise in-
crease in risk for MACE with higher quartiles of PENK (Table 2). When
modeled as a restricted cubic spline, the spline term was not significant
(p = 0.587). There was no significant effect modification by history of
CVD (p-interaction = 0.94).

In unadjusted analysis, higher PENK was associated with a higher
risk of death (HR 1.69; 95 % CI 1.15, 2.47; p-value 0.009) but PENK was
not associated cardiovascular death or incident HF, though HR for these
outcomes were higher than for MACE or all-cause death (Fig. 1). After
adjusting for confounders and serum creatinine (Model 2), PENK was no
longer associated with death (HR 0.94; 95 % CI 0.50, 1.38; p-value
0.802). PENK remained not associated with cardiovascular death or
incident HF, though HRs only mildly attenuated for cardiovascular
death while they were numerically higher for incident HF (Fig. 1).
Quartiles of PENK showed a step-wise higher risk of cardiovascular
death and incident HF with higher quartiles of PENK in the fully
adjusted models (Supplemental Table S1). There were no significant

non-linear associations between PENK and the outcomes when PENK
wasmodeled as a spline (p-value> 0.15 for all). There was no significant
effect modification by history of CVD (p-interaction > 0.1) for all sec-
ondary outcomes. When PENK’s association with cardiovascular death
and incident HF were assessed with competing risks analysis, the find-
ings were similar to Cox regression (Supplemental Table S2).

PENKwas not associated with LVEF, LVEDd or LVMi when PENKwas
evaluated as a continuous variable (Table 3). When evaluated by quar-
tiles of PENK, there appeared to be an inverted U-shaped relationship
between PENK and LVEF such that both high and low PENK values were
associated with lower LVEF (Table 3). A similar relationship was also
seen when PENK was modeled as a spline (Fig. 2A) with the non-linear
spline component significant in the model (p-value 0.010). Quartiles and
splines for LVEDd and LVMi showed a linear association between PENK
and these measures. There was no significant effect modification for
PENK by history of CVD with LVMi or LVEDd (p-interaction > 0.10).
There was a significant difference in the association of PENK with LVEF
in those with and without a history of CVD (p-interaction = 0.05); thus,
we evaluated the association of PENK with LVEF by splines and quartiles
in individuals with and without a history of CVD. In individuals without
a history of CVD, only the lowest quartile of PENK had a lower LVEF, and
the top three quartiles had similar LVEFs (Supplemental Table S3,
Supplemental Figure S1A). In individuals with a history of CVD, there
again appeared to be an inverted U-shaped relationship, though this was
less prominent than the relationship seen in the whole cohort
(Supplemental Table S3, Supplemental Figure S1B).

Table 1
Baseline characteristics of participants by quartiles of PENK.

All (n = 199) 1st Quartile (<46.3 pmoL/L)
(n = 50)

Second Quartile
(46.3–58.7 pmoL/L)

(n = 50)

Third Quartile
(58.7–73.7 pmoL/L)

(n = 50)

Fourth Quartile
(>73.7 pmoL/L)

(n = 49)

p-value

Age (years), mean (SD) 66 (12) 62 (12) 63 (12) 66 (12) 71 (11) 0.002
Men, N (%) 197 (99 %) 49 (98 %) 49 (98 %) 50 (100 %) 49 (98 %) 0.572
White, N (%) 151 (76 %) 36 (72 %) 40 (80 %) 82 (64 %) 43 (88 %) 0.037
BMI (kg/m2), mean (SD) 29.4 (5.5) 30.5 (6.3) 30.2 (4.4) 28.6 (5.6) 28.4 (5.5) 0.142
Systolic Blood Pressure (mmHg), mean (SD) 133 (19) 132 (22) 133 (18) 134 (19) 131 (18) 0.848
Creatinine (mg/dL), mean (SD) 1.08 (0.26) 1.02 (0.20) 1.00 (0.21) 1.08 (0.22) 1.22 (0.33) <0.001
eGFR (mL/min/1.72 m2), mean (SD) 79 (19) 83 (17) 86 (18) 78 (16) 68 (21) <0.001
Blood Urea Nitrogen (mg/dL), mean (SD) 18 (7) 17 (6) 18 (8) 18 (6) 21 (9) 0.009
Diabetes Mellitus, N (%) 60 (30 %) 16 (32 %) 12 (24 %) 16 (32 %) 16 (32 %) 0.752
Heart Failure, N (%) 46 (23 %) 12 (24 %) 12 (24 %) 7 (14 %) 15 (30 %) 0.269
Hypertension, N (%) 168 (84 %) 41 (82 %) 38 (76 %) 48 (96 %) 41 (82 %) 0.045
Coronary Artery Disease, N (%) 84 (42 %) 26 (52 %) 17 (34 %) 19 (38 %) 22 (44 %) 0.278
Hyperlipidemia, N (%) 143 (72 %) 35 (70 %) 33 (66 %) 38 (76 %) 37 (74 %) 0.641
Atrial Fibrillation, N (%) 45 (23 %) 10 (20 %) 10 (20 %) 8 (16 %) 17 (34 %) 0.126
Beta-Blocker Use, N (%) 119 (59 %) 32 (64 %) 27 (54 %) 30 (60 %) 28 (56 %) 0.524
ACE-I/ARB Use, N (%) 113 (57 %) 30 (60 %) 23 (46 %) 32 (64 %) 28 (56 %) 0.303
Diuretic Use, N (%) 85 (43 %) 18 (36 %) 21 (42 %) 23 (46 %) 23 (46 %) 0.680

ACE-I: Angiotensin-Converting Enzyme-Inhibitor; ARB: Angiotensin Receptor Blocker; BMI: Body Mass Index; eGFR: estimated glomerular filtration rate; PENK: pro-
enkephalin

Table 2
Association of PENK with major adverse cardiovascular events by Cox regression in Ambulatory Veterans.

Model Per two-fold higher
HR

(95 % CI)

p-value 1st Quartile
(<46.3 pmoL/L)

(n = 50)

Second Quartile
(46.3–58.7 pmoL/L)

(n = 50)

Third Quartile
(58.7–73.7 pmoL/L)

(n = 50)

Fourth Quartile
(>73.7 pmoL/L)

(n = 49)

p-value trend

Unadjusted 1.73
(1.00, 2.99)

0.043 1
(ref)

1.42
(0.55, 3.62)

1.55
(0.61, 3.89)

2.13
(0.88, 5.15)

0.096

Model 1 1.67
(0.92, 3.03)

0.090 1
(ref)

1.86
(0.69, 4.98)

1.52
(0.57, 4.01)

2.21
(0.85, 5.72)

0.148

Model 2 1.69
(0.90, 3.15)

0.098 1
(ref)

1.87
(0.70, 4.99)

1.52
(0.57, 4.02)

2.22
(0.83, 5.90)

0.160

Competing Risks 1.69
(0.92, 3.13)

0.092 1
(ref)

1.85
(0.68, 5.07)

1.52
(0.57, 4.08)

2.23
(0.86, 5.79)

0.147

Model 1 include adjustments for age, race, BMI, systolic blood pressure, or past medical history of diabetes, hypertension, coronary artery disease, hyperlipidemia,
heart failure, or blood pressure medication use.
Model 2 included the variables in Model 1 plus serum creatinine.
CI: Confidence Interval; HR: hazard ratio; MACE: Major Adverse Cardiac Events; PENK – pro-enkephalin
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4. Discussion

In this study, we evaluated the association of PENK with cardiovas-
cular outcomes in a convenience sample of ambulatory Veterans with
widely varying medical conditions with median follow up of more than
12 years. We found higher levels of PENK were associated with a greater
than 70 % risk of MACE per two-fold higher PENK levels in unadjusted
analysis. This association was no longer significant after adjusting for
confounders, though the point estimate for risk did not appreciably
change with adjustment. Conversely, while PENK was associated with
all-cause mortality in an unadjusted analysis, this association was

attenuated and no longer significant after adjusting for confounders.
PENK was also not associated with other secondary outcomes of car-
diovascular death or incident HF, though the risk estimates were
elevated and did not substantially attenuate with adjustment as it did for
all-cause mortality. Lastly, PENK had a unique relationship with LVEF
with both individuals with high and low PENK values having a lower
LVEF, though relationship may only be for individuals with CAD.
Overall, these findings suggest that PENK could be associated with risk
of MACE, independent of serum creatinine, if evaluated in a larger
sample size with adequate power.

We have previously reported an association between higher PENK

Table 3
Association of PENK with LVEF, LVEDd, LVMi assessed with linear regression in Ambulatory Veterans.

Change per two-fold higher PENK
(95 % CI)

p-value 1st Quartile
(<46.3 pmoL/L)

(n = 50)

Second Quartile
(46.3–58.7 pmoL/L)

(n = 50)

Third Quartile
(58.7–73.7 pmoL/L)

(n = 50)

Fourth Quartile
(>73.7 pmoL/L)

(n = 49)

p-value trend

LVEF 
Unadjusted 0.53

(− 3.42, 4.48)
0.792 ref 9.41

(3.54, 15.28)
9.16

(3.35, 14.97)
3.03

(− 2.87, 8.93)
0.351

Model 1 2.47
(− 0.99, 5.93)

0.161 ref 10.00
(5.13, 14.87)

7.49
(2.66, 12.32)

5.17
(0.10, 10.23)

0.108

Model 2 2.41
(− 1.25, 6.07)

0.195 ref 10.03
(5.16, 14.91)

7.36
(2.51, 12.21)

4.67
(− 0.59, 9.93)

0.179

LVEDd  
Unadjusted − 0.13

(− 0.36, 0.11)
0.283 ref − 0.15

(− 0.50, 0.20)
− 0.45

(− 0.80, − 0.10)
− 0.23

(− 0.58, 0.12)
0.081

Model 1 − 0.13
(− 0.36, 0.10)

0.269 ref − 0.16
(− 0.49, 0.17)

− 0.32
(− 0.65, 0.01)

− 0.23
(− 0.58, 0.12)

0.122

Model 2 − 0.13
(− 0.37, 0.11)

0.292 ref − 0.16
(− 0.49, 0.18)

− 0.32
(− 0.65, 0.01)

− 0.23
(− 0.59, 0.13)

0.143

LVMi  
Unadjusted − 3.90

(− 16.35, 8.56)
0.538 ref − 13.53

(–32.18, 5.12)
− 15.00

(–33.35, 3.35)
− 13.41

(–23.07, 5.24)
0.163

Model 1 − 6.42
(− 19.00, 6.17)

0.315 ref − 13.53
(− 31.88, 4.83)

− 13.11
(− 31.10, 4.89)

− 14.48
(–33.06, 4.11)

0.147

Model 2 − 10.15
(–23.24, 2.95)

0.128 ref − 12.15
(− 30.45, 6.16)

− 13.93
(− 31.84, 3.97)

− 18.38
(− 37.36, 0.61)

0.063

Model 1 included adjustments for age, race, BMI, systolic blood pressure, or past medical history of diabetes, hypertension, coronary artery disease, hyperlipidemia,
heart failure, or blood pressure medication use.
Model 2 included adjustments for the variables in Model 1 plus serum creatinine.
CI: Confidence Interval; LVEDd: Left Ventricular End Diastolic Diameter; LVEF: Left ventricular ejection fraction; LVMi: Left Ventricular Mass Index.

Fig. 1. Forest Plot showing the hazard ratios per doubling of PENK for secondary outcomes in nested multivariable models. Model 1 adjusted for age, race,
body mass index, systolic blood pressure, and past medical history of diabetes, hypertension, coronary artery disease, hyperlipidemia, heart failure, or blood pressure
medication use. Model 2 adjusted for variables in Model 1 and serum creatinine.
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and MACE, defined as cardiovascular hospitalization or death, in this
analytic cohort. However, this prior analysis only had 4 years of follow
up leading to a limited number of events and was only able to evaluate
the unadjusted association of PENK [9]. We have now expanded these
prior findings by extending follow up beyond 12 years, identifying more
deaths and cardiovascular events, and adjusting for relevant con-
founders. Thus, our current analysis better contextualizes the clinical
utility of PENK with regards to an individual’s health status.

Our findings align with prior studies of PENK and cardiovascular
outcomes but supplement prior studies by evaluating associations in a
population with more diverse health statuses [6,7,8]. In a single-center
study in the United Kingdom of over 1100 patients hospitalized with an
acute MI (AMI) with PENK measured within 36 h of AMI, each log10
increase in PENK was associated with a 76 % greater risk of recurrent MI
and 67% greater risk of subsequent HF [6]. Subsequently, a multi-center
study in Europe of over 1900 patients hospitalized with acute HF with
PENK measured within 12 h of presentation to the emergency depart-
ment found each log10 increase in PENK level was associated with a 27%
higher risk of HF mortality independent of kidney function [7]. Lastly, a
multicenter study in Europe that enrolled 522 hospitalized or out-
patients with HFpEF found each log10 higher PENK was associated with
a 45 % higher risk of HF hospitalization or death independent of serum
creatinine [8]. Compared to our study though, these studies focused on
specific populations with pre-existing cardiovascular disease and their
follow up was shorter. While our analysis focused on the Veteran pop-
ulation, it enrolled ambulatory individuals with a range of medical
comorbidities; thus, allowing an evaluation of PENK’s prognostic utility
in a setting more akin to patients seen in a clinic setting. Our findings
support continued evaluation of PENK as a prognostic marker for car-
diovascular outcomes in ambulatory patient populations.

While we did not find PENK was associated with cardiac structures
and function on echocardiography when evaluated as a linear associa-
tion, we did find PENK had a significant non-linear relationship with
LVEF such that both the lowest and highest PENK quartiles were asso-
ciated with lower LVEF. This association also differed depending on the
presence or absence of CVD in an individual. It is not clear why PENK
has this inverted U association; however, this may stem from limited
knowledge of the cardiovascular actions of PENK. Activation of opioid
receptor pathways by enkephalins has been associated with both car-
dioprotective measures and adverse cardiac effects including negative
inotropy [13] and cardiac hypertrophy [14]. Potentially, PENK has a
constitutive endocrine effect in the cardiovascular system where too
much or too little activation of opioid receptor pathways can have
deleterious effects on cardiac function analogous to other endocrino-
logical pathways such as the adverse cardiac effects of hypo- and hy-
perthyroidism. We also cannot exclude that our small sample size
resulted in greater LVEF variation in certain quartiles and other un-
measured confounders influencing this relationship. Interestingly, the
relationship appeared to vary depending on an individual’s history of

CVD, with an inverted U shape association persisting for individuals
without CVD but more linear for individuals with CVD. The cause of this
differential relationship is unclear, but potentially alterations in
enkephalin signaling precede subsequent CVD and lower PENK levels
reflect a deficiency enkephalin system that has detrimental effects on
cardiac tissues. These findings are hypothesis generating though given
our limited sample size but suggest the relationship of PENK with car-
diovascular structure and function can vary based on prevalent CVD and
comorbidities.

Key strengths of our study include a population with widely varying
degrees of health and a longer follow up than prior studies of PENK at
almost 13 years. Our study also has important limitations. First, our
sample size is small and heterogenous, and as a result we are under-
powered for many of our outcomes. Though the demographics of the
Veteran population are changing with increasing women serving, our
study still enrolled primarily men. Second, although studies have shown
measurement of PENK is stable after storage at − 80◦ C and multiple
freeze–thaw cycles, we cannot exclude potential degradation of PENK
during the period of storage in this analysis and this may have altered
results. Third, we lacked data on other biomarkersn of cardiac function
and inflammation such as BNP and CRP; thus, we cannot exclude the
associations in this analysis would further attenuate with adjusting for
other contemporary risk biomarkers. Lastly, we lacked measures of
albuminuria and Cystatin C which are other important measures of
kidney function and whose levels have been associated with cardio-
vascular outcomes.

5. Conclusion

In a population of ambulatory Veterans with widely varying
comorbidities, we found PENK levels may be associated with LVEF
measured on echocardiography and with the risk of MACE and other
cardiovascular outcomes regardless of the presence or absence of CVD.
Further studies are needed to characterize the prognostic ability of PENK
in the general population.
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