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Peptidase Inhibitors: Common themes

• The enzymes these drugs inhibit are “promiscuous.” Beneficial and 
adverse effects of the inhibitors often result blocking the degradation 
of more than one biologically active peptide.

• The peptidases share many substrates, creating the possibility of 
drug-drug interactions among inhibitors. 

• The peptide substrates of the enzymes are difficult to measure and 
degraded through multiple pathways.
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Comparative effectiveness 
of ACEi vs ARB in ischemic heart disease

White and Greene J Man Care Pharmacy 2011



Bradykinin contributes to 
the blood pressure response to ACE inhibition

Gainer et al NEJM 1998

captopril

+ bradykinin 

receptor blocker



Endogenous bradykinin stimulates t-PA release
during ACE inhibition

t-PA+TM+u-PA   procoagulants

Burke et al New Engl J Med 1997



Arterial Line (brachial artery) &

Adjacent Peripheral IV

Strain Gauge Plethysmography

Forearm Blood Flow Readings

Assessing effect of peptidase (ACE) inhibitors
on responses to vascular peptides



During ACE inhibition, endogenous
bradykinin increases vascular t-PA release

resting saline +enalaprilat
0

1

2

3 p<0.05

t-
P

A
 r

e
le

a
s
e

(n
g

/m
in

/1
0

0
m

l)

resting BK2RA +enalaprilat
0

1

2

3

t-
P

A
 r

e
le

a
s
e

(n
g

/m
in

/1
0

0
m

l
)

*

Pretorius et al, Circulation 2003

0 100 200 300 400

0

5

10

15

20

*

Bradykinin (ng/min)

F
B

F
 (

m
l/
m

in
/1

0
0
 m

l)

0 100 200 300 400

0

25

50

75

100

BK

BK+B2R Antag
**

Bradykinin (ng/min)

t-
P

A
 r

e
le

a
s
e

 (
n
g
/m

in
/1

0
0
m

l)

Brown et al Circulation 2000



Forearm t-PA release reflects coronary endothelial 
fibrinolytic function

Coronary t-PA release parallels forearm t-PA release
Minai et al JACC 2001

Forearm t-PA release predicts cardiovascular events
Robinson et al ATVB 2007



Cardiovascular risk factors are associated with 
impaired endothelial fibrinolysis

Hypertension

Ridderstrale et al Hypertension

Obesity and insulin resistance
Carnassi et al Thromb Res

Smoking
Pretorius et al ATVB

Male sex
Pretorius et al Circulation, ATVB, Hypertension

Exposure to diesel exhaust
Tornquist et al Am J Resp Crit Care



• ACE inhibitors decrease the degradation of peptides such as 
angiotensin I to II and bradykinin to inactive products

• Endogenous bradykinin contributes to favorable effects of ACE 
inhibitors on blood pressure and endothelial t-PA release 

• But…



Bradykinin Is a Double-Edged Sword

http://revelationofjesuschrist.files.wordpress.com/2008/11/sword.png


ACE inhibitor-associated angioedema:
an effect of bradykinin?

NEJM 2005 Oct 27;353(17):e15

NEJM 2006 July 20;355(3):295

http://content.nejm.org/content/vol353/issue17/images/large/13f1.jpeg


Angiotensin-converting enzyme inhibitor-associated 
angioedema: risk factors

Miller et al Hypertension 2008BMS on file and Kostis et al Am J Htn 2004



Hypothesized mechanism of 
ACE inhibitor-associated angioedema
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Angioedema during combined ACE/neutral endopeptidase 
(NEP) inhibition

WALL STREET JOURNAL APRIL 
2000

…the FDA raised questions 
about four patients on the drug 
who had a severe reaction that 
closed down their airways.  The 
patients were among 7,000… 
The four patients had a severe 
form of angioedema, which is 
typically characterized by a 
mild, temporary swelling of the 
lips, cheeks or tongue.

Some 40 other patients 
developed the milder 
angioedema….

Among the four patients 
with the severe reaction, 
two were white and two 
were black, but the overall 
incidence of angioedema, 
though low, was four times 
higher among blacks….





Aminopeptidase P deficiency contributes to 
anaphylactoid reactions but less likely to ACE inhibitor-
associated angioedema
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Hypothesized mechanism of 
ACE inhibitor-associated angioedema
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DPPIV deficiency increases susceptibility to ACE 
inhibitor-induced peritracheal edema through NK1
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DPP4 inhibitor use is associated 
with increased risk of ACEi angioedema 

Increased angioedema in 
saxaglitpin-treated in SAVOR-TIMI 53

Brown et al Hypertension 2009



Comparisons of clinical trials of B2 receptor 
antagonist in ACE inhibitor-associated angioedema

Study Baş et al Straka et al Sinert et al
N 27 per protocol 30 121

Patient Characteristics 37% female 63% female 61.2% female

0% African descent 67% African descent 69.4 % African descent

Comparator group 500 mg prednisolone,

Clemastine 2 mg

Both groups received 

standard therapy

Both groups received 

standard therapy

Symptoms to treatment (hr) 6.1 (3.0 to 10.0) 10.3 ± 0.56 7.8 (5.5 to 9.6)

Finding Icatibant superior No difference No difference

NEJM 2015 J All Clin Immunol 2017 J All Clin Immunol Pract

2017



Bradykinin and bradykinin: BK1-5 ratio increased in 
ACE inhibitor-associated angioedema compared to 
ACE inhibitor-treated controls
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Interim Summary

• ACE and DPP4 share many peptide substrates.

• In patients taking an ACE inhibitor, use of a DPP4 inhibitor increases 
the risk of angioedema.

Could there be a favorable interactive effect of ACE inhibitors and DPP4 
inhibitors on blood pressure?



Dipeptidyl peptidase 4 (CD26)

Zhong et al. Circ Res. 2015;116:1491-1504

Wang et al Cell Research (2013) 23:986–993



GLP-1 causes vasodilation through GLP-1 receptor-
dependent and -independent pathways

GLP-1 (7-36) GLP-1 (9-36)DPP4

GLP-1 receptor dependent

NO – independent vasodilation
(not blocked by NOS inhibitor)

?

GLP-1 receptor independent 
(see in GLP-1R -/- mice)

NO-dependent vasodilation
(blocked by L-NNA)

Ban et al Circulation 2008



GLP-1 receptor stimulation 
increases blood pressure and heart rate

Yamamoto et al J Clin Invest 2002

Intravenous
Exendin 4

Intraventricular
Exendin 4



GLP-1R stimulation activates autonomic regulatory neurons

Yamamoto et al J Clin Invest 2002 



GLP-1 increases blood pressure and
heart rate during intra-duodenal (ID) glucose

Trahair et al J Clin Endocrinol Metab 2014 Wu et al Diabetic Med 2014



GLP-1 does not cause 
direct vasodilation in human forearm

Devin et al JAHA 2014

Bas
elin

e

G
LP

-1
 

Bas
elin

e

G
LP

-1
 

0
5

10
15
20
25
30
35

*

* †

Fasting GLP-1 in
Healthy  Subjects

Post-Prandial GLP-1 in
Healthy  Subjects

Placebo Sitagliptin

B

V
e

n
o

u
s
 G

L
P

-1
 (

p
m

o
l/
L

)

0 0.90 1.80 3.60-20

0

20

40

60

80

100 A

GLP dose  (pmol/min)%


  
F

o
re

a
rm

  
B

lo
o

d
  

F
lo

w



Interim Summary

• In rodents, GLP-1 causes vasodilation through GLP-1 
receptor-dependent and -independent mechanisms.

• GLP-1 also activates the sympathetic nervous system.

• GLP-1 does not cause vasodilation in the human 
forearm vasculature. 

• Acute GLP-1 administration may increase blood 
pressure and heart rate when given during caloric 
intake.

• With chronic administration of GLP-1 analogues, blood 
pressure decreases, but this may be due to weight loss.



Vasoactive substrates of DPP4

Substance P

RPKPQQFFGLM

Brain natriuretic peptide

SPKMVQGSGCFGRKMDRISSSSGLGCKVLRRH

Neuropeptide Y

NPYYPSKPDNPOEDAPAEDLARYYSALRHYINLITRQRY

Peptide YY

YPSKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY



Effect of DPP4 inhibitor on acute response to ACE 
inhibitor

Marney et al Hypertension 2010



DPP4 inhibition attenuates BP response 
to acute maximal ACE inhibition

Marney et al Hypertension 2010
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Full-dose ACE inhibition increases sympathetic 
activity when DPP4 is inhibited

Marney et al Hypertension 2010
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DPP4 inhibition increases post-prandial catecholamines

Boschmann et al J Clin Endocrinol Metab 2009

Mixed meal

Study drug

http://jcem.endojournals.org/content/vol94/issue3/images/large/zeg0030963630002.jpeg


DPPIV inhibitor (P32/98) 
+ NPY1 receptor antagonist

DPPIV inhibitor 
(P32/98)

vehicle

Non-pretreated Captopril -pretreated

Jackson et al Clin.Exp.Pharmacol.Physiol  2008



No effect of DPP4 inhibition on vasodilation 
in response to bradykinin or substance P
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Substance P stimulates local 
NE release during ACE and DPP4 inhibition
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Effect of ACE and DPP4 inhibition on 
t-PA release in response to substance P
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Potential mechanism for decreased t-PA release 
during combined ACE and DPP4 inhibition

During ACEi+DPP4i 
substance P accumulates 
and stimulates SNS

Stimulation of the SNS 
results in depletion of t-PA



Working Hypothesis



Study Protocol: Effect of DPP4 inhibition on 
neuropeptide Y (NPY)-mediated vasoconstriction



DPP4 increases vasoconstrictor response to NPY 
during ACEi in healthy subjects

Hubers et al Hypertension 2018



DPP4 inhibition increases 
vasoconstrictor response to NPY during ACEi in T2DM
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Sitagliptin decreases degradation of NPY 
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DPP4 inhibition increases vasoconstrictor response 
to NPY during ARB
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Protocol: Contribution to endogenous substance P to 
effects of combined DPP4 and chronic ACE inhibition



Metabolic effects of sitagliptin similar during ACEi, ARB and CCB
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Sitagliptin increases post-prandial norepinephrine during 
inhibition of the renin-angiotensin-aldosterone system 
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Sitagliptin decreases the conversion of Y1 to Y2 agonists
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DPP4 inhibition increases GHRH-stimulated growth hormone 
secretion in women

Wilson et al JAHA 2018



DPP4 inhibition increases GH-stimulated forearm vasodilation 
in women

Wilson et al JAHA 2018



Interim Summary

• DPP4 inhibition attenuates the blood pressure response 
to acute ACE inhibition and increases catecholamines

• During concurrent DPP4 and ACE inhibition substance P 
increases forearm release of catecholamines

• DPP4 inhibition potentiates the effect of NPY during 
either ACE inhibition or ARB treatment

• During interruption of the renin-angiotensin-system, 
DPP4 inhibition increases circulating catecholamines 
through an NK1 receptor-dependent mechanism

• These findings have implications for mechanism of 
increased risk of heart failure with DPP4 inhibition



N Engl J Med 2013



Saxagliptin use associated with increased risk of heart failure

Scirica BM et al. N Engl J Med 2013;369:1317-1326



Concomitant medications and risk of heart failure with 
saxagliptin

Scirica et al Circulation 2014





White et al Hypertension 2016





Sitagliptin Placebo HR (95% CI) P Value

Number initiating chronic 
insulin therapy

542/5608
(9.7%)

744/5655 
(13.2%)

0.7 (0.63-0.79) <0.001

Number initiating 
additional hypoglycemic 
agents

1591/7332 
(21.7%)

2046/733
2 (27.9%)

0.72 (0.68-0.77) <0.001
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PARADIGM: ARB/NEP inhibitor superior to ACE inhibition in heart 
failure

McMurray et al N Eng J Med 2014



PIONEER: ARB/NEP inhibitor reduces readmissions after acute 
heart failure decompensation 



ACE and neprilysin share substrates
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Peptide concentrations in patients treated with sacubitril/valsartan

Nougué et al Eur J Heart Fail 2018

“Venous blood samples were 
collected in tubes containing 
EDTA.”



Closing Thoughts

Understanding how a drug works matters.

Angiotensin-converting enzyme (ACE) inhibitors and angiotensin 
receptor blockers have different efficacy in preventing thrombotic 
events in part because ACE inhibitors alter the degradation of 
bradykinin as well as the formation of angiotensin II.  

Similarly, DPP4 inhibitors have effects distinct from GLP-1 analogues 
due to effects on the degradation of vasoactive peptide substrates.

Understanding the contribution of decreased degradation of peptides 
such as bradykinin and substance P, as well as the natriuretic peptides, 
would enhance the use of sacubitril/valsartan in patients with heart 
failure.
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