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A B S T R A C T   

The main function of the renin-angiotensin-aldosterone system (RAAS) is the regulation of blood 
pressure; therefore, researchers have focused on its study to treat cardiovascular and renal dis-
eases. One of the most widely used treatments derived from the study of RAAS, is the use of 
angiotensin-converting enzyme inhibitors (ACEi). Since it was discovered, the main target of ACEi 
has been the cardiovascular and renal systems. However, being the RAAS expressed locally in 
several specialized tissues and cells such as pneumocytes, hepatocytes, spleenocytes, enterocytes, 
adipocytes, and neurons the effect of inhibitors has expanded, because it is expected that RAAS 
has a role in the specific function of those cells. Many chronic degenerative diseases compromise 
the correct function of those organs, and in most of them, the RAAS is overactivated. Therefore, 
the use of ACEi must exert a benefit on an impaired system. Accordingly, the objective of this 
review is to present a brief overview of the cardiovascular and renal actions of ACEi and its effects 
in organs that are not the classic targets of ACEi that carry on glucose and lipid metabolism.   

1. Introduction 

The renin-angiotensin-aldosterone system (RAAS) is one of the systems involved in the regulation of multiple cellular processes. 
The wide variety of peptides conforming this system includes molecules exerting vascular, cellular growth, electrolyte and water 
balance, inflammatory processes as well as signaling activation at different organs at physiological and pathological conditions [1]. 

The effects of RAAS overactivation can be controlled using angiotensin receptor antagonists (ARA) or angiotensin converting 
enzyme inhibitors (ACEi). In this work, we will focus on ACEi. They are used to treat diseases such as arterial hypertension, congestive 
heart failure, left ventricular dysfunction, and myocardial infarction, as well as renal diseases [2]. Interestingly, it has been described 
that ACEi enhance glucose uptake and can reduce total cholesterol, LDL, and triglyceride levels [3]. 

This review presents a brief overview of the cardiovascular and renal actions of ACEi and its effects in organs that are not the classic 
targets of ACEi that carry on glucose and lipid metabolism. Finally, we will discuss studies that have been used to discover new 
molecules involved in ACE inhibition and that could help in future studies. 

2. The renin-angiotensin-aldosterone system (RAAS) 

The RAAS begins with the hepatic release of angiotensinogen and the renal enzyme renin, which produces the decapeptide AngI; 
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this can then be metabolized by the ACE into AngII, one of the most active vasoconstrictor metabolites known. AngI can also be 
metabolized by ACE type 2 (ACE2) producing Ang-(1–9). In addition, neprilysin and neutral endopeptidase (NEP) can both act on 
AngII favoring the formation of the heptapeptide: Ang-(1–7). Furthermore, ACE2 converts AngII to Ang-(1–7), to which a variety of 
physiological actions opposite to those produced by AngII have been attributed. AngII is also a substrate for other enzymes, such as 
glutamyl aminopeptidase (aminopeptidase A or APA) and dipeptidyl peptidase 3 (DPP3), which produce AngIII and AngIV, respec-
tively. AngI can also be modified by carboxypeptidase A3 (CPA3) and cathepsin A (CTSA) yielding Ang-(1–9), or by enzymes such as 
prolyl endopeptidase (PREP), thimet oligopeptidase 1 (THOP1), membrane metallo-endopeptidase (MME), neurolysin (NLN), and 
prolyl carboxypeptidase (PrCP), producing Ang-(1–7). In turn, the action of mononuclear leukocyte-derived aspartate decarboxylase 
(MLDAD) on AngI yields angiotensin A (AngA), which, through the action of ACE2, produces alamandine (Fig. 1) [4,5]. 

All these peptides exert their effects by binding to receptors. AngII binds mainly to AngII type 1 (AT1) receptors, and this will allow 
acting on different systems promoting vasoconstriction (Fig. 2). AngII and AngIII can interact with both, AT1-and AngII type 2 (AT2)- 
receptors to promote various cellular responses. On the other hand, the peptide Ang-(1–7) produces its effects upon binding to the Mas 
receptor (Mas) [4]. New participants in this cascade were described recently, such as alatensins, which are characterized by showing 
an alanine instead of aspartic acid as the amino-terminal amino acid. The resulting peptide: Ala1-AngII has been reported to interact 
with AT1-and AT2– receptors. The Ala1-Ang-(1–7) compound, known as alamandine, has its receptor, called the Mas-related G-pro-
tein-coupled receptor D (MrgD) [6]. 

2.1. Location and effects of RAAS peptides 

Continued research revealed that the RAAS not only exerts systemic effects, but can also act on specific organs; it can be regarded as 
an endocrine, paracrine, and intracrine system depending on the target tissue and the current metabolic conditions. Thus, the existence 
of a circulating (systemic) and a local RAAS was proposed. Both systems contribute to the levels of RAAS peptides in blood [7]. The 
location and effects on different tissues and organs of two major RAAS peptides: AngII and Ang-(1–7) are shown in Fig. 2. 

The first evidence of the existence of a local RAAS was reported in 1971 in dog brains [8]. The presence of tissue-specific RAAS has 
been described in the heart, blood vessels, kidney, adipose tissue, adrenal gland, pancreas, liver, reproductive system, lymphatic tissue, 
placenta, and eye [9]. As shown in Fig. 2, some RAAS peptides, mainly AngII and Ang-(1–7), are involved in proinflammatory 
modulation, insulin secretion, and beta-cell apoptosis, as well as in the reduction of gluconeogenesis and hepatic glucose output [10, 
11]. 

3. ACE inhibitors on vascular diseases 

ACE is a zinc carboxypeptidase enzyme with two catalytic domains, the N-domain and the C-domain, the latter being responsible 
for hydrolyzing AngI to produce AngII [12]. ACE inhibitor drugs target these domains and are used to treat diseases such as arterial 
hypertension, congestive heart failure, left ventricular dysfunction, and myocardial infarction, as well as renal diseases [2]. 

In 1961 Rocha e Silva discovered that the venom of a Brazilian snake: Bothrops jararaca, contributed to the formation of a substance 
with hypotensive and smooth muscle spasmogenic functions, which was called “bradykinin”. Ferreira, a laboratory Colleague, found 
that some compounds in snake venom inhibited bradykinin degradation, potentiating its actions both in vitro and in vivo [13]. Shortly 

Fig. 1. Representative schematic showing the synthesis of the peptides associated with the renin-angiotensin-aldosterone system (RAAS). ACE: 
angiotensin-converting enzyme, ACE2: ACE type 2, AT1R: angiotensin II type 1 receptor, AT4R: angiotensin IV receptor, MasR: Mas receptor, MrgD: 
Mas-related G protein-coupled receptor D, APA: aminopeptidase A, APN: aminopeptidase N, NEP: neutral endopeptidase, AD: aspartate 
decarboxylase. 
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thereafter it was found that the enzyme inhibiting the action of bradykinin was a carboxypeptidase very similar to ACE [14,15]. 
Since bradykinin’s effects are opposite to those of AngII, its discovery opened new avenues to develop ACE inhibitors (ACEi). In the 

1970s, Cushman, Ondetti, and Colleagues studied the structure-activity relationship of components in B. jararaca venom and 
discovered the first ACEi known as captopril, which was approved by the U.S. Food and Drug Administration (FDA) in 1981 [16,17]. 

Captopril discovery was followed soon by analogs like enalapril, lisinopril, benazepril, perindopril, quinapril, ramipril, trando-
lapril, and moexipril [18]. They are used to treat diseases such as hypertension, heart failure, and diabetic nephropathy [19]. 

Several reports have documented that ACEi promote ACE2 expression [20]. Due to the role of ACE2 mediating the entrance of 
SARS-CoV-2 into the cells to cause COVID-19, concerns arose regarding the safety of the patients being treated with ACEi. In this 
regard, arguments in favor of continuing treatment with ACEi showed that AngII is a potent activator of the ADAM17 enzyme, a 
protease that cleaves ACE2, once it binds to the spike protein of the virus it favors the entry of the virus into the cell, so that inhibition 
of AngII production would thereby reduce the possibility of infection. Furthermore, in a hypoxic state, AngII is activated to restore 
ventilatory pressure; however, as AngII levels increase, as well as its side effects, including proinflammatory activity. Given these 
arguments, adherence to ACEi treatment was recommended in patients with cardiovascular disease infected with SARS-CoV-2 [21,22]. 

3.1. Arterial hypertension 

The first therapeutic use described for ACEi was to treat arterial hypertension. The reduction in AngII production promoted by ACEi 
improves natriuresis and prevents vascular smooth muscle cells and myocytes remodeling. In addition, ACEi block the degradation of 
bradykinin, which produces vasodilatory effects. These actions preserve the balance between vasoconstriction and vasodilatation [23]. 

3.2. Congestive heart failure 

ACEi promote 1) decreased afterload, preload, and systolic wall stress, which enhances cardiac output; 2) an increased renal blood 
flow; 3) a reduced production of aldosterone and antidiuretic hormone; and 4) a reduction in cardiac myocyte hypertrophy [23]; 
actions that improve the cardiac condition in patients with heart failure (HF). The benefits of their use include a reduction in mortality, 
primarily in patients with heart failure with reduced ejection fraction (HFrEF) [24,25]. 

It has been described that captopril (2 g/L water, p.o.) in experimental models alleviates cerebrovascular alterations during ex-
ercise in rats with HFrEF [26]. The overexpression of RAAS metabolites may impair cerebral blood flow and vascular conductance in 
skeletal muscle during HF [27–29]. Therefore, the treatment with drugs modulating RAAS is also effective. 

3.3. Stroke 

The participation of ACE in the development of stroke has been highlighted in different ethnic groups exhibiting genetic alterations 

Fig. 2. Effects of the peptides angiotensin II and angiotensin-(1–7) on some organs of the body. BDNF: brain-derived neurotrophic factor, ROS: 
reactive oxygen species. 
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in the enzyme. Particularly, polymorphisms in intron 16 have been found to contribute to the risk of stroke [30–32]. In this regard, it 
has been reported that stroke patients who received ACEi reduced the risk of suffering from this disease by 14 % [33]. 

3.4. Migraine 

The effects of RAAS on the cerebrovascular and cardiovascular systems suggest that ACEi could be useful in treating migraine. They 
have been shown to have fewer side effects and are less expensive than FDA-approved anti-migraine drugs [34]. 

According to Schrader et al. lisinopril reduced both headache and migraine pain [35], while enalapril reduced the severity and 
duration of headache [36], and captopril reduced the frequency, duration, and severity of headache episodes [37]. Among other 
potential mechanisms, ACEi have been proposed to act in migraine through 1) Regulation at the brain level; the intrinsic blood-brain 
barrier RAAS affects cerebral vascular tone by regulating nitric oxide production and the levels of the calcitonin gene-related peptide 
(CGRP) [38], increase local bradykinin concentrations, thus enhancing its vasodilatory effects [39], 2) Genetic factors; the ACE-DD 
polymorphism has been found to occur more frequently in migraine patients with respect to controls [40], 3) ACE plays a role in 
the production of AngII and AngIII as seen in Fig. 1; therefore ACEi reduce AngIII levels and AngIII-induced activation of NF-κB 
alleviating migraine [41,42]. 

3.5. Renal diseases 

3.5.1. Chronic kidney disease (CKD) 
CKD is associated with diabetes, arterial hypertension, obesity, and cardiovascular disease and it is characterized by changes in the 

morphology of the glomeruli where the podocyte process is lost, the expression of diaphragm slit proteins is decreased, and there is 
thickening of the glomerular basement membrane; all of this leads to a significant alteration in kidney function known as albuminuria 
and later as proteinuria. Structural changes at the level of the renal tubules cause the loss of molecules and electrolytes into the urine, 
as well as the accumulation in the blood of degradation products such as creatinine. The success of using ACEi as a treatment to prevent 
the progression to chronic kidney disease has been reported in both clinical studies and experimental models. 

3.5.2. Diabetic nephropathy 
The components of RAAS are expressed along the nephron; therefore pharmacological inactivation of this system exerts significant 

effects on renal function. Besides electrolyte homeostasis, blood pressure and volume control, and metabolite filtration, the kidney also 
regulates glucose levels. However, the kidney may be unable to reabsorb glucose due to excessive plasma concentrations, a condition 
leading to the irreversible onset of type 2 diabetes mellitus (T2DM) and the onset of diabetic nephropathy. The loss of glomerular and 
tubular function characterized by the collapse of podocytes, mesangial expansion, thickening of the basement membrane, and 
dysfunction of tubular epithelial cells has been treated with ACEi [43]. Kojima et al. reported that the combined treatment of ACEi and 
an inhibitor of SGLT2, in diabetic rats, exerts renoprotective effects [44]. 

Among the mechanisms proposed to explain nephroprotection by ACEi in diabetic nephropathy are.  

a. Improvement of muscular blood flow  
b. Decrease in sympathetic activity  
c. Adequate exchange of ions, mainly potassium and magnesium  
d. Increased insulin signaling  
e. Effects on adipose tissue 

3.5.3. Scleroderma renal crisis 
Pathological features of scleroderma renal crisis (SRC) include malignant arterial hypertension (secondary to overactivation of 

RAAS), oligoanuric acute renal failure, hypertensive encephalopathy, congestive heart failure, and/or microangiopathic hemolytic 
anemia [45,46]. Being the role of RAAS that important, it is expected that treatment with ACEi would be effective. Woodworth et al. 
reported a reduced incidence of SRC from 5-15 %–2.4 % in patients treated with ACEi [47]. Additionally, captopril has shown 
beneficial effects in patients with SRC [48]. Observational and clinical studies have reported that ACEi like captopril or enalapril could 
reduce renal crises and help to decrease short-term mortality [49,50]. 

4. ACEi on metabolism of glucose and lipids 

Glucose oxidation is the primary source of energy in the human body. The liver is one of the main organs involved in glucose 
metabolism, and about 90 % of endogenous glucose is produced there [51]. Glucose enters hepatocytes via glucose transporters 
(GLUT), mainly GLUT2, and can be released into the blood during fasting [52]. The liver, which receives dietary carbohydrates via the 
portal vein, participates in the processes of glycogenesis, glycogenolysis, glycolysis, and gluconeogenesis [53]. 

Glucose metabolism contributes to the energy supply required for blood and oxygen delivery from the heart to other organs. 
Glucose uptake in cardiomyocytes is regulated by GLUTs, mainly GLUT1 and GLUT4 isoforms, which predominate in the fetal and 
adult heart, respectively [54–59]. In cardiomyocytes, glucose can activate different metabolic pathways: 1) polyol, 2) glycolysis, 3) 
pentose phosphate, and 4) hexosamine biosynthetic pathway [60]. 
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4.1. Diabetes 

Under physiological conditions, glucose levels in the liver and heart are regulated by the action of enzymes and hormones such as 
insulin. However, alterations in the homeostasis of these processes lead to the onset of pathologies for which pharmacological 
treatment is being actively sought and ACEi have shown encouraging results. In this regard, studies in the 1990s demonstrated a 
hypoglycemic effect of ACEi in adult diabetic patients [61,62]. 

In 2004, Pepine and Cooper-Dehoff reported that non-diabetic patients who received ACEi treatment showed a lower risk of 
developing diabetes with respect to patients receiving beta-blockers or diuretics [63]. In addition, the evidence showed that in patients 
with a high risk of cardiovascular events, ramipril reduced the incidence of diabetes (34 % reduction) [64]. In the Captopril Prevention 
Project randomized trial, there was a 14 % reduction in the risk of developing diabetes mellitus [65]. Contrary to this, it has been 
reported that captopril may have an inverse relationship between reducing blood pressure and regulating glucose levels [66]. Simi-
larly, the effects of ACEi on glucose metabolism have been reported in experimental models. For example, in a model of T2DM in male 
KK-Ay/Ta mice, administration of temocapril (1 mg/kg/day) for 14 days significantly decreased glucose and insulin concentrations in 
plasma with respect to the control group [67]. In a murine model of obesity induced by consumption of a 60 %-fat diet for eleven 
weeks, treatment with captopril (50 mg/L) in drinking water for the last three weeks of the obesogenic diet improved insulin sensitivity 
[68]. On the other hand, oral administration of ramipril (10 mg/kg) for five weeks decreased blood glucose levels in male Wistar rats 
[69]. However, one report noted that the use of ACEi could lead to a serious risk of hypoglycemia [70]. 

The role of ACEi as a treatment against the coexistence of arterial hypertension and hyperglycemia in patients with cardiovascular 
disease and diabetes has been widely documented [71,72], highlighting that patients treated with ACEi have better insulin sensitivity, 
therefore, better regulation of plasma glucose, thus reducing the incidence of diabetes in patients with cardiovascular dysfunction [66, 
73]. ACEi also promote insulin-dependent transport of glucose through increasing GLUT4 expression in obese rats. Therefore, glucose 
utilization becomes more efficient in the muscle [67–74]. 

4.2. Pancreatitis 

Various organs express RAAS components, suggesting that changes in the expression and activity of this system are related to the 
pathophysiology of the organs or tissues where it is expressed, so the inhibition of RAAS components could have a therapeutic effect on 
disorders that are not specifically cardiovascular [75]. The finding of an active RAAS in the pancreas [75,76] confirms that the benefits 
obtained with the treatment of ACEi in diabetic patients with cardiovascular disease are not only obtained through the decrease in 
vasoconstriction and proinflammatory and proapoptotic signaling; also, by promoting insulin release and improving dilation of the 
pancreatic ducts to facilitate insulin transport (Fig. 3) [75]. 

The pancreas is an exocrine and endocrine organ. The exocrine function is carried out by the pancreatic acini, which are responsible 
for the release of hormones to carry out digestion. While the endocrine function, which is carried out in the islets of Langerhans, refers 
to the secretion of factors such as insulin – by beta cells- and glucagon –by alpha cells-. The release of hormones depends on several 
factors and one of them is the activation of the endogenous RAAS. Regarding the system expressed in the islets, it was found that 
stimulation by exogenous AngII is capable of inhibiting glucose-dependent insulin release [77]. The morphology of the islets is 

Fig. 3. Effects of ACEi on glucose and lipid in some organs. ACEi can promote insulin release and improve vasodilatation of the pancreatic ducts to 
facilitate insulin and glucose transport. In the liver, ACEi can contribute to glucose production processes and increase GLUT expression, which 
improves glucose transport. In addition, ACEi can reduce lipid oxidation and protect against diseases such as atherosclerosis. 
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important to maintain their function. In diabetic rats, it was observed that treatment with perindopril maintained the structure of the 
islets, preventing the loss of beta cells and reducing fibrosis, these findings being independent of glycemic control [78]. 

In contrast, there are case reports where the use of lisinopril promotes pancreatitis [79], but not the treatment with captopril or 
enalapril. In a model of acute pancreatitis, the use of ramipril increased pancreatic damage, observed as edema, increased secretion of 
alpha-amylase, and increased lipase activity [80]. 

The exact mechanism by which ACEi can regulate glucose metabolism is not clear, but the effects described above could be due to: 
1) an increase in insulin sensitivity which may occur because ACEi interfere with the generation of AngII and consequently glucose 
metabolism is improved [68], 2) enhanced insulin receptor substrate (IRS-1) tyrosine phosphorylation and 
phosphatidylinositol-3-kinase activity; it has been reported that AngII can use the IRS-1 to activate signaling, therefore ACEi promote 
insulin activation [81], 3) increases GLUT4; due to an improvement in the insulin signaling pathway [3], and 4) improved ionic 
balance (K+), it has been described that hypokalemia can affect the secretion of insulin and glucose, an effect that can be reversed by 
the action of ACEi [82]. 

4.3. ACEi on lipid-related metabolic diseases 

Along with carbohydrates, proteins, and nucleic acids, lipids are essential biological molecules for humans. Among the functions of 
lipids are energy storage, chemical messengers, the formation of cell membranes, and the transport of liposoluble vitamins [83]. 

Lipids can either be obtained from the diet or synthesized in the liver; therefore, two pathways should be considered in lipid 
metabolism, exogenous and endogenous [83]. Lipids from the exogenous pathway are absorbed by the small intestine [84]. Most 
works on lipid metabolism focus on the liver or adipose tissue, with relatively few studies addressing the involvement of the heart in 
lipid metabolism [85]. 

There is evidence of the effect of ACEi on lipid metabolism [86]. In hypercholesterolemic rabbits that were administered with 
captopril (25–50 mg/kg), cholesterol levels and atherosclerosis were reduced [87]. Furthermore, in patients with T2DM, adminis-
tration of benazepril (10 mg/day) in combination with a calcium-channel blocker (amlodipine, 5 mg/day) was reported to signifi-
cantly decrease the percentage expression of lipid subfractions HDL2 and HDL3 [88]. 

Recent studies have reported that treatment with captopril (50 mg/kg/day, i.p.) for six weeks in male Wistar rats with hyper-
cholesterolemia, induced by a cholesterol-rich diet for eight weeks, significantly decreased the levels of total cholesterol, triglycerides, 
and LDL [89]. Supporting these results, a decrease in triglyceride levels and in the expression of lipogenesis-related markers, 
particularly the marker for fatty acid synthesis, acetyl coenzyme-A carboxylase, and the peroxisome proliferator-activated receptor 
isoform gamma (PPARγ) was reported in male Swiss mice receiving enalapril (10 mg/kg/day) plus resveratrol (30 mg/kg/day) orally 
for 60 days. Those authors attributed such effects to an inhibition of adipocyte differentiation and proliferation, and a prevention of 
fatty acid release from adipocytes [90]. In contrast to these reports, in a study made with adolescents with type 1 diabetes mellitus 
(T1DM), treatment with an ACEi showed no significant effects on lipid or HDL levels [91]. 

Among the potential mechanisms by which ACE inhibitors act on lipid metabolism, the following have been proposed: 1) Blocking 
the synthesis of AngII; the expression of this peptide is directly related to cholesterol levels [92,93]. 2) AngII has been identified as a 
participant in diseases such as atherosclerosis, due to its involvement in the processes of inflammation, fibrosis, increased vasocon-
striction, and fluid retention (Fig. 3) [94,95]. 3) Inhibition of LDL oxidation [96], the oxidized form of LDL increases the expression of 
AT1 receptor mRNA through the NADPH oxidase and MAPK pathways [97]. 4) Prevention of endothelial dysfunction [98]. 

5. Novel molecules that may inhibit ACE 

As described in section 2, ACE inhibitors like captopril and enalapril are widely used in the clinic. However, adverse effects such as 
cough [99] eczematous reactions [100], arterial hypotension, hyperkalemia, and small bowel angioedema [101] make it mandatory to 
study more selective molecules with fewer adverse effects. Two techniques have been reported for the discovery of new drugs: 1) 
structure-based virtual screening (SBVS), which relies on the 3D structure of a molecule to determine its binding affinity to the re-
ceptor, and 2) ligand-based virtual screening (LBVS), which is used to identify the half-maximal inhibitory concentration of a ligand 
using structure-activity relationship (QSAR) models [102]. 

According to the QSAR model, an ACEi must meet the following criteria: 1) have a carboxyl group; 2) have a hydrogen bond 
acceptor; 3) have a functional group capable of interacting with the Zn2+ ion; and 4) have a hydrophobic character [103–105]. 

It was recently reported that the combination of an ACEi with a neutral endopeptidase inhibitor is effective in treating arterial 
hypertension in mice, without side effects such as alterations in vascular permeability and endothelial injury. These effects are due to 
the selectivity of current drugs for the C-terminal domain of ACE; therefore further study of the domains of this enzyme is necessary to 
design novel drugs [12]. 

Interestingly, it has been reported that circulating ACE can be inhibited by endogenous factors; for example, albumin contains 
amino acids that help inhibit active sites in circulating ACE [106,107]. 

On the other hand, in diseases such as HFrEF, it has been described that treatment with ACEi does not completely control the 
consequences of this pathology and interestingly it has been reported that the combined therapy of sacubitril, a neprilysin inhibitor, 
with valsartan, an ARA, could represent greater benefit; however, there is still a lot to study about these drugs [108–111]. 
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6. Conclusions 

The wide array of pathological situations where ACEi may exert a therapeutic effect highlight the relevance of local functions of 
ACE and AngII. The study of molecular/therapeutic targets of ACEi represents an area of opportunity to improve treatments and 
provide us with a deeper understanding of their use in metabolic diseases besides cardio-renal pathologies. It is crucial to continue 
investigating the effects on local tissues expressing ACE to understand the actions of ACEi and their therapeutic targets, which will 
allow us to design better treatments. 

7. Future directions 

To classify those ACEi that exert metabolic effects from the ones that do not, it is necessary to study them on a suitable experimental 
model. Due to the vasodilator effect promoted by ACEi, it would be interesting to determine to which extent this effect favors the 
hypoglycemic effect. The presence of comorbidities could modify ACEi pharmacological effects on metabolic pathways. 

Although the use of ACE inhibitors was proposed as a therapy for already established cardiovascular pathologies, it has also been 
observed that their use has a protective effect that preserves the structure and function of the heart, brain, vascular endothelium, and 
kidney. Therefore, the use of ACEi can also protect the morphology and physiology of other organs where AngII production is not 
completely related to vasoconstriction, but rather to signaling that promotes and perpetuates some pathology. In this sense, the study 
of ACEi as a possible treatment in metabolic diseases would be interesting and would provide new therapeutic targets. 

8. Search strategy 

A literature search was carried out using Google Scholar and Pubmed, the search was limited to studies published in English. This 
systematic review followed PRISMA guidelines [112]. A total of 600 papers were analyzed and in the end, 112 papers were used for 
this review. Studies had to include ACE inhibitors and their effects on metabolism. The keywords for the article search were ACE 
inhibitors AND glucose, ACE inhibitors AND diabetes, ACE inhibitors AND pancreas, and ACE inhibitors AND metabolism 
glucose/lipids. 

This review was carried out at the beginning of 2023 and includes articles considered pioneers on the topic up to the most recent 
advances. Articles describing effects induced by ARA, SGLT2 inhibitors, combination therapies, renal and cardiac studies, and studies 
whose abstract did not mention the use of ACEi were excluded. The authors reviewed all abstracts for inclusion. 
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References 

[1] JH. Fountain, J. Kaur, Physiology, Renin Angiotensin System. [Updated 2023 Mar 12]. In: StatPearls [Internet]. Treasure Island (FL), StatPearls Publishing 
(2023 Jan). Available from: https://www.ncbi.nlm.nih.gov/books/NBK470410/. 

[2] J. Caballero, Considerations for docking of selective angiotensin-converting enzyme inhibitors, Molecules 25 (2) (2020). 
[3] E.J. Henriksen, S. Jacob, Modulation of metabolic control by angiotensin converting enzyme (ACE) inhibition, J. Cell. Physiol. 196 (1) (2003) 171–179. 
[4] K.M. Mirabito Colafella, D.M. Bovee, A.H.J. Danser, The renin-angiotensin-aldosterone system and its therapeutic targets, Exp. Eye Res. 186 (2019) 107680. 
[5] M. Paz Ocaranza, et al., Counter-regulatory renin-angiotensin system in cardiovascular disease, Nat. Rev. Cardiol. 17 (2) (2020) 116–129. 
[6] J. Schleifenbaum, Alamandine and its receptor MrgD pair up to join the protective arm of the renin-angiotensin system, Front. Med. 6 (2019) 107. 
[7] D.J. Campbell, Clinical relevance of local Renin Angiotensin systems, Front. Endocrinol. 5 (2014) 113. 
[8] D. Ganten, et al., Angiotensin-forming enzyme in brain tissue, Science 173 (3991) (1971) 64–65. 
[9] A. Nehme, et al., An update on the tissue renin angiotensin system and its role in physiology and pathology, J Cardiovasc Dev Dis 6 (2) (2019). 

D.L. Silva-Velasco et al.                                                                                                                                                                                              

https://www.ncbi.nlm.nih.gov/books/NBK470410/
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref2
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref3
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref4
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref5
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref6
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref7
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref8
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref9


Heliyon 10 (2024) e24655

8

[10] F. Fyhrquist, O. Saijonmaa, Renin-angiotensin system revisited, J. Intern. Med. 264 (3) (2008) 224–236. 
[11] E. Kaschina, T. Unger, Angiotensin AT1/AT2 receptors: regulation, signalling and function, Blood Pres. 12 (2) (2003) 70–88. 
[12] R. Alves-Lopes, et al., Selective inhibition of the C-domain of ACE (Angiotensin-Converting enzyme) combined with inhibition of NEP (neprilysin): a potential 

new therapy for hypertension, Hypertension 78 (3) (2021) 604–616. 
[13] S.H. Ferreira, History of the development of inhibitors of angiotensin I conversion, Drugs 30 (Suppl 1) (1985) 1–5. 
[14] E.G. Erdos, E.M. Sloane, An enzyme in human blood plasma that inactivates bradykinin and kallidins, Biochem. Pharmacol. 11 (1962) 585–592. 
[15] E.G. Erdos, J.R. Wohler, Inhibition in vivo of the enzymatic inactivation of bradykinin and kallidin, Biochem. Pharmacol. 12 (1963) 1193–1199. 
[16] D.W. Cushman, et al., Design of potent competitive inhibitors of angiotensin-converting enzyme. Carboxyalkanoyl and mercaptoalkanoyl amino acids, 

Biochemistry 16 (25) (1977) 5484–5491. 
[17] M.A. Ondetti, B. Rubin, D.W. Cushman, Design of specific inhibitors of angiotensin-converting enzyme: new class of orally active antihypertensive agents, 

Science 196 (4288) (1977) 441–444. 
[18] J.C. Song, C.M. White, Clinical pharmacokinetics and selective pharmacodynamics of new angiotensin converting enzyme inhibitors: an update, Clin. 

Pharmacokinet. 41 (3) (2002) 207–224. 
[19] F. Marte, P. Sankar, M. Cassagnol, Captopril, in StatPearls, Treasure Island (FL, 2022. 
[20] A.K. Singh, R. Gupta, A. Misra, Comorbidities in COVID-19: outcomes in hypertensive cohort and controversies with renin angiotensin system blockers, 

Diabetes Metab Syndr 14 (4) (2020) 283–287. 
[21] A.R. Bourgonje, et al., Angiotensin-converting enzyme 2 (ACE2), SARS-CoV-2 and the pathophysiology of coronavirus disease 2019 (COVID-19), J. Pathol. 251 

(3) (2020) 228–248. 
[22] D. Zipeto, et al., ACE2/ADAM17/TMPRSS2 interplay may Be the main risk factor for COVID-19, Front. Immunol. 11 (2020) 576745. 
[23] L.L. Herman, et al., Angiotensin converting enzyme inhibitors (ACEI), in: StatPearls, Treasure Island (FL), 2022. 
[24] P. Ponikowski, et al., ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: the Task Force for the diagnosis and treatment of acute 

and chronic heart failure of the European Society of Cardiology (ESC)Developed with the special contribution of the Heart Failure Association (HFA) of the 
ESC, Eur Heart J, 2016 37 (27) (2016) 2129–2200. 

[25] C.W. Yancy, et al., ACC/AHA/HFSA focused update of the 2013 ACCF/AHA guideline for the management of heart failure: a report of the American college of 
cardiology/American heart association task force on clinical practice guidelines and the heart failure society of America, Circulation, 2017 136 (6) (2017) 
e137–e161. 

[26] A.L.E. Butenas, et al., Angiotensin converting enzyme inhibition improves cerebrovascular control during exercise in male rats with heart failure, Respir. 
Physiol. Neurobiol. 286 (2021) 103613. 

[27] V.J. Dzau, et al., Sustained effectiveness of converting-enzyme inhibition in patients with severe congestive heart failure, N. Engl. J. Med. 302 (25) (1980) 
1373–1379. 

[28] H. Kamishirado, et al., Effect of enalapril maleate on cerebral blood flow in patients with chronic heart failure, Angiology 48 (8) (1997) 707–713. 
[29] O.B. Paulson, et al., Cerebral blood flow in patients with congestive heart failure treated with captopril, Am. J. Med. 76 (5B) (1984) 91–95. 
[30] A. Kumar, et al., Association between angiotensin converting enzyme gene insertion/deletion polymorphism and ischemic stroke in north Indian population: a 

case-control study and meta-analysis, Neurol. Res. 36 (9) (2014) 786–794. 
[31] R.G. Malueka, et al., The D allele of the angiotensin-converting enzyme (ACE) insertion/deletion (I/D) polymorphism is associated with worse functional 

outcome of ischaemic stroke, Int. J. Neurosci. 128 (8) (2018) 697–704. 
[32] N. Martinez-Rodriguez, et al., Single nucleotide polymorphisms of the angiotensin-converting enzyme (ACE) gene are associated with essential hypertension 

and increased ACE enzyme levels in Mexican individuals, PLoS One 8 (5) (2013) e65700. 
[33] M. Alosaimi, et al., ANGIOTENSIN-CONVERTING enzyme inhibitors and angiotensin receptor blockers in stroke prevention: a systematic review and meta- 

analysis involving 297,451 patients, J. Hypertens. 39 (2021) e184. 
[34] T. Pringsheim, W.J. Davenport, W.J. Becker, Prophylaxis of migraine headache, CMAJ (Can. Med. Assoc. J.) 182 (7) (2010) E269–E276. 
[35] H. Schrader, et al., Prophylactic treatment of migraine with angiotensin converting enzyme inhibitor (lisinopril): randomised, placebo controlled, crossover 

study, BMJ 322 (7277) (2001) 19–22. 
[36] S.A. Sonbolestan, et al., Efficacy of enalapril in migraine prophylaxis: a randomized, double-blind, placebo-controlled trial, Int. J. Prev. Med. 4 (1) (2013) 

72–77. 
[37] S. Paterna, et al., [Captopril versus placebo in the prevention of hemicrania without aura. A randomized double-blind study], Clin. Ter. 141 (12) (1992) 

475–481. 
[38] Y. Liu, et al., Cortical potentiation induced by calcitonin gene-related peptide (CGRP) in the insular cortex of adult mice, Mol. Brain 13 (1) (2020) 36. 
[39] T.F. Luscher, Angiotensin, ACE-inhibitors and endothelial control of vasomotor tone, Basic Res. Cardiol. 88 (Suppl 1) (1993) 15–24. 
[40] E. Tronvik, et al., Involvement of the renin-angiotensin system in migraine, J. Hypertens. Suppl. 24 (1) (2006) S139–S143. 
[41] R.B. Halker, et al., ACE and ARB agents in the prophylactic therapy of migraine-how effective are they? Curr. Treat. Options Neurol. 18 (4) (2016) 15. 
[42] U. Reuter, et al., Nuclear factor-kappaB as a molecular target for migraine therapy, Ann. Neurol. 51 (4) (2002) 507–516. 
[43] B. Zinman, et al., Empagliflozin, cardiovascular outcomes, and mortality in type 2 diabetes, N. Engl. J. Med. 373 (22) (2015) 2117–2128. 
[44] N. Kojima, et al., Renoprotective effects of combined SGLT2 and ACE inhibitor therapy in diabetic Dahl S rats, Phys. Rep. 3 (7) (2015). 
[45] L. Mouthon, et al., Scleroderma renal crisis, J. Rheumatol. 41 (6) (2014) 1040–1048. 
[46] P.N. Vaidya, B. Basyal, N.A. Finnigan, Scleroderma and renal crisis, in: StatPearls, Treasure Island (FL), 2022. 
[47] T.G. Woodworth, et al., Scleroderma renal crisis and renal involvement in systemic sclerosis, Nat. Rev. Nephrol. 12 (11) (2016) 678–691. 
[48] L.B. Sorensen, K. Paunicka, M. Harris, Reversal of scleroderma renal crisis for more than two years in a patient treated with captopril, Arthritis Rheum. 26 (6) 

(1983) 797–801. 
[49] A. de Zubiría-Maria, et al., Pharmacological treatment of scleroderma renal crisis: a systematic literature review, Rev. Colomb. Reumatol. 27 (2020) 111–125. 
[50] L.M. Prisant, D.H. Loebl, L.L. Mulloy, Scleroderma renal crisis, J. Clin. Hypertens. 5 (2) (2003) 168–170, 176. 
[51] K. Ekberg, et al., Contributions by kidney and liver to glucose production in the postabsorptive state and after 60 h of fasting, Diabetes 48 (2) (1999) 292–298. 
[52] B. Thorens, GLUT2, glucose sensing and glucose homeostasis, Diabetologia 58 (2) (2015) 221–232. 
[53] H.S. Han, et al., Regulation of glucose metabolism from a liver-centric perspective, Exp. Mol. Med. 48 (2016) e218. 
[54] E.D. Abel, Glucose transport in the heart, Front. Biosci. : J. Vis. Literacy 9 (2004) 201–215, https://doi.org/10.2741/1216. 
[55] E.D. Abel, et al., Cardiac hypertrophy with preserved contractile function after selective deletion of GLUT4 from the heart, J. Clin. Invest. 104 (12) (1999) 

1703–1714. 
[56] R. Liao, et al., Cardiac-specific overexpression of GLUT1 prevents the development of heart failure attributable to pressure overload in mice, Circulation 106 

(16) (2002) 2125–2131. 
[57] R.O. Pereira, et al., Inducible overexpression of GLUT1 prevents mitochondrial dysfunction and attenuates structural remodeling in pressure overload but does 

not prevent left ventricular dysfunction, J. Am. Heart Assoc. 2 (5) (2013) e000301. 
[58] R.O. Pereira, et al., GLUT1 deficiency in cardiomyocytes does not accelerate the transition from compensated hypertrophy to heart failure, J. Mol. Cell. 

Cardiol. 72 (2014) 95–103. 
[59] R. Tian, E.D. Abel, Responses of GLUT4-deficient hearts to ischemia underscore the importance of glycolysis, Circulation 103 (24) (2001) 2961–2966. 
[60] T. Doenst, T.D. Nguyen, E.D. Abel, Cardiac metabolism in heart failure: implications beyond ATP production, Circ. Res. 113 (6) (2013) 709–724. 
[61] C. Arauz-Pacheco, et al., Hypoglycemia induced by angiotensin-converting enzyme inhibitors in patients with non-insulin-dependent diabetes receiving 

sulfonylurea therapy, Am. J. Med. 89 (6) (1990) 811–813. 
[62] J. McMurray, D.M. Fraser, Captopril, enalapril, and blood glucose, Lancet 1 (8488) (1986) 1035. 
[63] C.J. Pepine, R.M. Cooper-Dehoff, Cardiovascular therapies and risk for development of diabetes, J. Am. Coll. Cardiol. 44 (3) (2004) 509–512. 

D.L. Silva-Velasco et al.                                                                                                                                                                                              

http://refhub.elsevier.com/S2405-8440(24)00686-8/sref10
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref11
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref12
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref12
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref13
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref14
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref15
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref16
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref16
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref17
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref17
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref18
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref18
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref19
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref20
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref20
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref21
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref21
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref22
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref23
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref24
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref24
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref24
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref25
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref25
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref25
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref26
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref26
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref27
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref27
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref28
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref29
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref30
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref30
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref31
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref31
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref32
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref32
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref33
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref33
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref34
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref35
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref35
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref36
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref36
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref37
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref37
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref38
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref39
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref40
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref41
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref42
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref43
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref44
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref45
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref46
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref47
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref48
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref48
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref49
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref50
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref51
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref52
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref53
https://doi.org/10.2741/1216
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref55
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref55
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref56
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref56
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref57
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref57
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref58
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref58
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref59
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref60
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref61
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref61
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref62
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref63


Heliyon 10 (2024) e24655

9

[64] P. Sleight, The HOPE study (heart outcomes prevention evaluation), J. Renin-Angiotensin-Aldosterone Syst. JRAAS 1 (1) (2000) 18–20. 
[65] L. Hansson, Recent intervention trials in hypertension initiated in Sweden–HOT, CAPPP and others. Hypertension optimal treatment study. Captopril 

prevention Project, Clin. Exp. Hypertens. 21 (5–6) (1999) 507–515. 
[66] A.J. Scheen, Renin-angiotensin system inhibition prevents type 2 diabetes mellitus. Part 1. A meta-analysis of randomised clinical trials, Diabetes Metab. 30 (6) 

(2004) 487–496. 
[67] T. Shiuchi, et al., ACE inhibitor improves insulin resistance in diabetic mouse via bradykinin and NO, Hypertension 40 (3) (2002) 329–334. 
[68] J. Loloi, et al., Angiotensin-(1-7) contributes to insulin-sensitizing effects of angiotensin-converting enzyme inhibition in obese mice, Am. J. Physiol. 

Endocrinol. Metab. 315 (6) (2018) E1204–E1211. 
[69] E.O. Aluko, V.U. Nna, A.A. Fasanmade, Angiotensin converting enzyme inhibitor potentiates the hypoglycaemic effect of NG-nitro-L-arginine methyl ester (L- 

NAME) in rats, Arch. Physiol. Biochem. (2020) 1–9. 
[70] G. Elshimy, et al., Simple reason for hypoglycemia: ACE inhibitor-induced severe recurrent hypoglycemia in a nondiabetic patient, Cureus 11 (8) (2019) 

e5449. 
[71] T. Pollare, H. Lithell, C. Berne, A comparison of the effects of hydrochlorothiazide and captopril on glucose and lipid metabolism in patients with hypertension, 

N. Engl. J. Med. 321 (13) (1989) 868–873. 
[72] D. Santoro, et al., Effects of chronic angiotensin converting enzyme inhibition on glucose tolerance and insulin sensitivity in essential hypertension, 

Hypertension 20 (2) (1992) 181–191. 
[73] E. Vermes, et al., Enalapril reduces the incidence of diabetes in patients with chronic heart failure: insight from the Studies of Left Ventricular Dysfunction 

(SOLVD), Circulation 107 (9) (2003) 1291–1296. 
[74] S. Jacob, et al., Effects of trandolapril and verapamil on glucose transport in insulin-resistant rat skeletal muscle, Metabolism 45 (5) (1996) 535–541. 
[75] P.S. Leung, P.O. Carlsson, Tissue renin-angiotensin system: its expression, localization, regulation and potential role in the pancreas, J. Mol. Endocrinol. 26 (3) 

(2001) 155–164. 
[76] K.Y. Lam, P.S. Leung, Regulation and expression of a renin-angiotensin system in human pancreas and pancreatic endocrine tumours, Eur. J. Endocrinol. 146 

(4) (2002) 567–572. 
[77] T. Lau, P.O. Carlsson, P.S. Leung, Evidence for a local angiotensin-generating system and dose-dependent inhibition of glucose-stimulated insulin release by 

angiotensin II in isolated pancreatic islets, Diabetologia 47 (2) (2004) 240–248. 
[78] C. Tikellis, et al., Improved islet morphology after blockade of the renin- angiotensin system in the ZDF rat, Diabetes 53 (4) (2004) 989–997. 
[79] M.A. Marinella, J.E. Billi, Lisinopril therapy associated with acute pancreatitis, West. J. Med. 163 (1) (1995) 77–78. 
[80] S.W. Tsang, et al., Differential effects of saralasin and ramiprilat, the inhibitors of renin-angiotensin system, on cerulein-induced acute pancreatitis, Regul. 

Pept. 111 (1–3) (2003) 47–53. 
[81] E. Bernobich, et al., The role of the angiotensin system in cardiac glucose homeostasis: therapeutic implications, Drugs 62 (9) (2002) 1295–1314. 
[82] E. Ferrannini, et al., Potassium as a link between insulin and the renin-angiotensin-aldosterone system, J. Hypertens. Suppl. 10 (1) (1992) S5–S10. 
[83] D. Lent-Schochet, I. Jialal, Biochemistry, lipoprotein metabolism, in: StatPearls, Treasure Island (FL), 2021. 
[84] Y.F. Shiau, et al., Intestinal triglycerides are derived from both endogenous and exogenous sources, Am. J. Physiol. 248 (2 Pt 1) (1985) G164–G169. 
[85] I.J. Goldberg, C.M. Trent, P.C. Schulze, Lipid metabolism and toxicity in the heart, Cell Metabol. 15 (6) (2012) 805–812. 
[86] P. Weidmann, et al., Serum lipoproteins during treatment with antihypertensive drugs, J. Cardiovasc. Pharmacol. 22 (Suppl 6) (1993) S98–S105. 
[87] A.V. Chobanian, The effects of ACE inhibitors and other antihypertensive drugs on cardiovascular risk factors and atherogenesis, Clin. Cardiol. 13 (6 Suppl 7) 

(1990) VII43–V48. 
[88] G.L. Bakris, et al., Impact of an ACE inhibitor and calcium antagonist on microalbuminuria and lipid subfractions in type 2 diabetes: a randomised, multi- 

centre pilot study, J. Hum. Hypertens. 16 (3) (2002) 185–191. 
[89] M. Mahmoudabady, et al., The effect of angiotensin-converting enzyme inhibition on inflammatory and angiogenic factors in hypercholesterolemia, 

Pharmacol. Rep. 67 (5) (2015) 837–841. 
[90] T. de Almeida Pinheiro, et al., Effects of resveratrol and ACE inhibitor enalapril on glucose and lipid profiles in mice, Protein Pept. Lett. 24 (9) (2017) 854–860. 
[91] M.L. Marcovecchio, et al., ACE inhibitors and statins in adolescents with type 1 diabetes, N. Engl. J. Med. 377 (18) (2017) 1733–1745. 
[92] S. Keidar, et al., Angiotensin II atherogenicity in apolipoprotein E deficient mice is associated with increased cellular cholesterol biosynthesis, Atherosclerosis 

146 (2) (1999) 249–257. 
[93] Y. Yang, et al., Angiotensin II induces cholesterol accumulation and injury in podocytes, Sci. Rep. 7 (1) (2017) 10672. 
[94] S.S. Karnik, et al., International union of basic and clinical pharmacology. XCIX. Angiotensin receptors: interpreters of pathophysiological angiotensinergic 

stimuli [corrected], Pharmacol. Rev. 67 (4) (2015) 754–819. 
[95] M.H. Strauss, A.S. Hall, The divergent cardiovascular effects of angiotensin converting enzyme inhibitors and angiotensin receptor blockers on myocardial 

infarction and death, Prog. Cardiovasc. Dis. 58 (5) (2016) 473–482. 
[96] E.G. Godfrey, et al., Effects of ACE inhibitors on oxidation of human low density lipoprotein, Br. J. Clin. Pharmacol. 37 (1) (1994) 63–66. 
[97] S. Mitra, et al., Oxidized low-density lipoprotein and atherosclerosis implications in antioxidant therapy, Am. J. Med. Sci. 342 (2) (2011) 135–142. 
[98] Y.J. Ki, et al., Comparison of endothelial function improvement estimated with reactive hyperemia index between ramipril and telmisartan in hypertensive 

patients, Clin Hypertens 23 (2017) 4. 
[99] I. Yilmaz, Angiotensin-converting enzyme inhibitors induce cough, Turk Thorac J 20 (1) (2019) 36–42. 

[100] G.A. Vena, et al., Eczematous reactions due to angiotensin-converting enzyme inhibitors or angiotensin II receptor blockers, Immunopharmacol. 
Immunotoxicol. 35 (3) (2013) 447–450. 

[101] K.L. Wilin, et al., ACE inhibitor-induced angioedema of the small bowel: a case report and review of the literature, J. Pharm. Pract. 31 (1) (2018) 99–103. 
[102] K.A. Carpenter, et al., Deep learning and virtual drug screening, Future Med. Chem. 10 (21) (2018) 2557–2567. 
[103] D.J. Kuster, G.R. Marshall, Validated ligand mapping of ACE active site, J. Comput. Aided Mol. Des. 19 (8) (2005) 609–615. 
[104] D. Mayer, et al., A unique geometry of the active site of angiotensin-converting enzyme consistent with structure-activity studies, J. Comput. Aided Mol. Des. 1 

(1) (1987) 3–16. 
[105] K. Regulska, et al., How to design a potent, specific, and stable angiotensin-converting enzyme inhibitor, Drug Discov. Today 19 (11) (2014) 1731–1743. 
[106] M. Fagyas, et al., New perspectives in the renin-angiotensin-aldosterone system (RAAS) II: albumin suppresses angiotensin converting enzyme (ACE) activity in 

human, PLoS One 9 (4) (2014) e87844. 
[107] R.J. Klauser, et al., Inhibition of human peptidyl dipeptidase (angiotensin I converting enzyme: kininase II) by human serum albumin and its fragments, 

Hypertension 1 (3) (1979) 281–286. 
[108] E. Charuel, et al., Benefits and adverse effects of sacubitril/valsartan in patients with chronic heart failure: a systematic review and meta-analysis, Pharmacol 

Res Perspect 9 (5) (2021) e00844. 
[109] K. Diao, et al., Rationale and design of a multi-center, prospective randomized controlled trial on the effects of sacubitril-valsartan versus enalapril on left 

ventricular remodeling in ST-elevation myocardial infarction: the PERI-STEMI study, Clin. Cardiol. 44 (12) (2021) 1709–1717. 
[110] J. Lin, et al., Efficacy and safety of sacubitril-valsartan in patients with heart failure: a systematic review and meta-analysis of randomized clinical trials: a 

PRISMA-compliant article, Medicine (Baltim.) 100 (52) (2021) e28231. 
[111] N. Sakhamuri, et al., Sacubitril/valsartan in heart failure hospitalization: two pills a day to keep hospitalizations away? Cureus 15 (4) (2023) e37335. 
[112] M.J. Page, et al., The PRISMA 2020 statement: an updated guideline for reporting systematic reviews, BMJ 372 (2021) n71. 

D.L. Silva-Velasco et al.                                                                                                                                                                                              

http://refhub.elsevier.com/S2405-8440(24)00686-8/sref64
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref65
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref65
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref66
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref66
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref67
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref68
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref68
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref69
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref69
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref70
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref70
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref71
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref71
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref72
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref72
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref73
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref73
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref74
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref75
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref75
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref76
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref76
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref77
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref77
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref78
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref79
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref80
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref80
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref81
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref82
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref83
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref84
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref85
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref86
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref87
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref87
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref88
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref88
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref89
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref89
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref90
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref91
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref92
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref92
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref93
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref94
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref94
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref95
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref95
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref96
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref97
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref98
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref98
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref99
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref100
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref100
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref101
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref102
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref103
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref104
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref104
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref105
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref106
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref106
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref107
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref107
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref108
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref108
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref109
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref109
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref110
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref110
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref111
http://refhub.elsevier.com/S2405-8440(24)00686-8/sref112

	ACE inhibitors and their interaction with systems and molecules involved in metabolism
	1 Introduction
	2 The renin-angiotensin-aldosterone system (RAAS)
	2.1 Location and effects of RAAS peptides

	3 ACE inhibitors on vascular diseases
	3.1 Arterial hypertension
	3.2 Congestive heart failure
	3.3 Stroke
	3.4 Migraine
	3.5 Renal diseases
	3.5.1 Chronic kidney disease (CKD)
	3.5.2 Diabetic nephropathy
	3.5.3 Scleroderma renal crisis


	4 ACEi on metabolism of glucose and lipids
	4.1 Diabetes
	4.2 Pancreatitis
	4.3 ACEi on lipid-related metabolic diseases

	5 Novel molecules that may inhibit ACE
	6 Conclusions
	7 Future directions
	8 Search strategy
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


