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ABSTRACT: Diabetes mellitus (DM) is believed to promote
oxidative stress, which potentially provokes and accelerates
complications in conditions such as atherosclerotic cardiovascular,
peripheral arterial, and cerebrovascular diseases. In this study, we
evaluated the antioxidant therapeutic value of adding an
angiotensin-converting enzyme (ACE) inhibitor—a low dose of
captopril—as adjunct therapy to the treatment regimen of Type 2
diabetes mellitus (T2DM). Participants were distributed among
two different groups: control and treated. T2DM patients in the
treated group (group 2) were given a supplement of the ACE
inhibitor capotopril, 12.5 mg/day, in addition to standard
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treatment. All subjects were interviewed for clinical examination. All patients in group 2 were re-examined monthly for 3 months
to evaluate FBS, HbAlc, MDA, total GSH, reduced GSH, GSSG, and ox-LDL. All parameters were repeated for patients in group 2
after 1 and 3 months. The study showed improvements in the glycemic and oxidative stress status with the addition of a low dose of
captopril—not very prominent but statistically significant. Reduced GSH decreased by 73.6% (P = 0.016) and the TBARS level was
decreased by 58.3% (P = 0.018) after 3 months of treatment, while ox-LDL was decreased by 26.4% (P = 0.036) at the end of
treatment. In summary, the clinical improvements in the disease indices toward normal levels make the use of low doses of ACE
inhibitors as adjunct therapy in T2DM worth pursuing. Thus, investigations directed at preventing or protecting against oxidative
damage may open a new window for treatment of diabetes mellitus.
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D iabetes mellitus (DM) is a metabolic disorder distin-
guished by chronic hyperglycemia with disturbance of
carbohydrate, fat, and protein metabolism resulting from
defects in insulin secretion, insulin action, or both.! Patients
with diabetes have increased incidence of atherosclerotic
cardiovascular, peripheral arterial, and cerebrovascular dis-
eases.” The mechanisms by which diabetes accelerates
atherosclerosis are not well understood. The risk factors for
coronary artery disease (CAD), which is more common in
patients with diabetes, are not enough to elucidate this
phenomenon.” Along with the development of hyperglycemia,
oxidative stress has been suggested as a potential mechanism
for accelerated atherosclerosis.” The uncontrolled increase in
glucose level could stimulate inflammation as well as oxidative
stress.” Oxidative stress and inflammation play major roles in
both micro- and macrovascular injury.’ It is suggested that the
mitigation of inflammation could lead to alleviation of
oxidative stress and decreased cellular damage.’

Oxidative stress is essential in the pathogenesis of
cardiovascular disease, stimulating vascular inflammation and
promoting inflammatory responses and cytokines.” Oxidative
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stress, inflammation, and thrombosis are cofactors that
participate in the progression of atherosclerosis.” Diabetes
can upregulate inflammatory markers such as white blood cells,
granulocytes, and monocytes, which promote the production
of reactive oxygen species (ROS) and eventually result in
vascular dysfunction.”

Oxidative damage can result from increased free radical
production, insufficient antioxidant potential, or both.” Free
radical production in mammalian cells can be either accidental
or deliberate.'” Under normal circumstances, the major source
of free radicals in cells is electron leakage from electron
transport chains, such as those in mitochondria and in the
endoplasmic reticulum.'' The primary biochemical source of
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ROS in the vasculature appears to be the membrane-associated
nicotinamide dinucleotide (phosphate) oxidase enzyme
complex (NADH/NAD(P)H)."> Another source of vascular
superoxide is the xanthine oxidoreductase enzyme system that
catalyzes the oxidation of hypoxanthine to xanthine during
purine metabolism."”

The cell injury produced by lipid peroxidation of cell
membranes can range from increased permeability to cell lysis
and death.” The generation of ROS in normal cells is under
tight homeostatic control to help detoxify ROS."" Biological
antioxidants, including glutathione, a-tocopherol, carotenoids,
and ascorbic acid, react with the most oxidant effects. In
addition, the oxidant enzymes catalase and glutathione
peroxidase detoxify H,O, by converting it to O, and H,0."
However, when ROS levels exceed the antioxidant capacity of
a cell, a deleterious condition known as oxidative stress
occurs.”® Unchecked, excessive ROS can lead to the
destruction of cellular components, including lipids, proteins,
and DNA, and ultimately cell death via apoptosis or
necrosis.' '’

Glutathione (GSH), the most prevalent cellular thiol, acts as
a reducing agent and serves as a reservoir for cystine.'® A
dynamic balance is maintained between GSH synthesis, its
recycling from oxidized glutathione (GSSG), and its utilization.
GSH recycling is catalyzed by glutathione disulfide reductase,
which uses reducing equivalents from NADPH to reconvert
GSSG to GSH." The relative levels of GSH and GSSG are
regulated by the activity of two enzymes, glutathione
peroxidase and glutathione reductase, within a series of
reactions that catalyze reduction of lipid peroxides and/or
hydrogen peroxide.'” Under normal conditions, the balance of
this reaction series is far in the direction of maintaining cellular
GSH in its reduced state. Rapid formation of GSSG can occur
in cases of increased production of H,0, and lipid peroxides
and exposure to oxygen radicals.”” GSH is a major antioxidant,
playing a role in protection against tissue damage resulting
from exposure to an oxidizing environment such as hypoxia,
radiation, and photodynamic effect.'’

Angiotensin-converting enzyme (ACE) inhibitors block the
activation of the renin—angiotensin system in the plasma as
well as in the vascular wall.”' It should be noted that ACE
inhibitors not only block the conversion of angiotensin I
(ANG 1) to angiotensin II (ANG II) but also inhibit the
degradation of other substances, including bradykinin,
substance P, and enkephalins.”” (Bradykinin is apparently
responsible for adverse side effects, including cough and
angioedema.”*) Captopril and other drugs in this class inhibit
the converting enzyme peptidyl dipeptidase that hydrolyzes
ANG I to ANG II and inactivates bradykinin, a potent
vasodilator that works by stimulating release of nitric oxide and
prostacyclin.”* The hypotensive activity of captopril probably
results from both an inhibitory action on the renin—
angiotensin system and a stimulating action on the
kallikrein—kinin system.”> ACE inhibitors are proposed to
protect against renal vascular injury in diabetes.” ANG II is a
potent stimulator of ROS production in endothelial cells and
vascular smooth muscle cells (VSMCs) by stimulating a
plasma membrane-bound NAD(P)H oxidase.”””” ACE in-
hibitor therapy reduces oxidant stress in the blood vessels.
Moreover, captopril and enalapril have been shown to increase
endogzesnous oxidant scavengers (antioxidants) in mouse
tissue.
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Oxidation of low-density lipoproteins (LDLs) is a complex
process.”” The extent of the changes in the LDL particle
induced by oxidation depends on the peroxidation conditions
in the LDL bio-environment. Even LDLs subjected to a very
mild oxidative stress can acquire important biological proper-
ties, including the ability to stimulate the release of chemokines
from endothelial cells.”® Oxidation of LDL can be caused by
enzymes such as lipooxygenase that are produced by
endothelial cells and monocytes/macrophages, which convert
polyunsaturated fatty acids into lipid hydroperoxides and then
oxidize LDL.>" Oxidized LDL (ox-LDL) may induce vaso-
constriction through inhibition of NO production.”” Ox-LDL
induces migration of smooth muscle cells by increasing the
expression of platelet-derived growth factor (PDGF) by
endothelial cells, smooth muscle cells, and macrophages.”
Ox-LDL stimulates platelet adhesion and aggregation by
decreasing endothelial production of NO and increasing
prostacyclin production.”® The pilot study reported herein is
aimed to detect the benefit of adding an ACE inhibitor—a low
dose of captopril—and determine their antioxidant activity as
adjunct therapy to the treatment regimen of Type 2 diabetes
mellitus (T2DM).

B MATERIALS AND METHODS

All participants in the study were recruited from the Diabetes
Medical Center at Al-Bayda, Libya. Written informed consent
was obtained from the patients before their enrollment in the
current study, which adhered to the tenets of the Declaration
of Helsinki for research in human subjects. Participants were of
the same socio-economic class. Patients with severe renal or
hepatic dysfunction and those with malignancies or hormonal
disease other than DM were excluded. Participants were
distributed among two different groups: Group 1 included 10
non-diabetic, non-obese healthy subjects (4 females and 6
male) with a mean age of 34.4 + 6 years as control. Group 2
included 10 non-obese, normotensive (non-hypertensive),
Type 2 diabetic patients (S female and S male) with a mean
age of 52.3 + 8 years, duration of diabetes 9.7 + 7 years, with
atherosclerotic CAF on standard oral anti-diabetic treatment.
Patients in group 2 were given a supplement of the ACE
inhibitor captopril, 12.5 mg/day (Farcopril from Pharco
Pharmaceuticals).

All patients in group 2 were re-examined monthly for
evaluation of prognosis. The duration of follow-ups was 3
months. All subjects were interviewed for clinical examination,
and full data sheets were kept for each subject. Coronary heart
disease was documented by history, clinical examination, and
ECG changes with emphasis on prolongation of the corrected
QT interval. Fasting blood sugar was determined by an
enzymatic calorimetric method which has been described by
Trinder.” Glycated hemoglobin (HbAlc) was determined by
the turbidimetric inhibition immunoassay.

Oxidative stress was assessed by determination of
thiobarbituric acid reactive substances (TBARS), calculated
as malondialdehyde (MDA).***” Total plasma GSH, reduced
GSH, and GSSG contents were measured based on an
enzymatic method described by Griffith.””

Circulating ox-LDL levels were examined as cardiovascular
risk factor, which was determined by using an enzyme
immunoassay (EIA) kit (Cat. No. BI-201932, Biomedica,
USA).

All parameters were repeated for patients in group 2 after 1-
and 3-month follow-up periods. Data were analyzed using

https://doi.org/10.1021/acsptsci.1c00269
ACS Pharmacol. Transl. Sci. 2022, 5, 413—-418


pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.1c00269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

Table 1. Parameters of Glycemic Control in Type 2 Diabetic Patients and the Effect of 3 Months Adjunct Treatment with

Captopril®
control before treatment 1 month treatment 3 months treatment
FBG (mg/dL) 86.3 + 9.7 197.5 + 263 * 177.1 + 182 153.8 + 22.9%b<
(+128.9%) (+105.2%) (+78.2%)
HbA, (%) 5.00 + 0.51 6.99 + 1.08 6.74 + 1.08 * 6.30 + 1.09 °
(+39.8%) (+34.8%) (+26.0%)

“Data are presented as mean + SD. Superscript letters indicate significant differences: *significantly different from control group, Psignificantly
different from patient group before treatment, and “significantly different from patient group after 1 month of treatment, where p < 0.05. Number in
parentheses represents percentage deviation from control value.

Table 2. Parameters of Oxidative Stress in Type 2 Diabetic Patients and the Effect of 3 Months Adjunct Treatment with

Captopril®
control before treatment 1 month treatment 3 months treatment
TBARS (nmol/mL) 2.52 + 0.46 4.87 + 1.21° 4.69 + 1.30° 3.99 + 1.02°
(93.3%) (+86.1%) (+58.3%)
tGSH (nmol/mL) 2.99 + 0.48 1.57 + 021 ° 1.82 + 0.38 233 + 028 <
(~47.5%) (~39.1%) (~22.1%)
GSH (nmol/mL) 276 + 0.49 0.73 + 0.13° 0.88 + 0.30 * 161 + 0.28 *»¢
(=73.6%) (—68.1%) (—41.7%)
GSSG (nmol/mL) 0.12 + 0.01 0.42 + 0.05* 0.40 + 0.05* 0.36 + 0.04 **
(+250.0%) (+233.3%) (+200.0%)
GSH/GSSG ratio 239 + 54 1.7 £ 03* 26 £04° 4.5+ 1.1°%
redox potential (mV) —139 + 4.7 —66 + 4.0 ° —75 + 42 % —88 + 4.9 ¥¢
(~52.5%) (~46.0%) (~36.7%)
ox-LDL-Ab (mU/mL) 304.1 + 61.5 4579 + 94.5 ° 4003 + 769 * 3369 + 69.8
(+50.2%) (+31.6%) (+10.8%)

“Data are presented as mean (SD). Superscript letters indicate significant differences: *significantly different from control group, “significantly
different from patient group before treatment, and “significantly different from patient group after 1 month of treatment, where p < 0.05. Number in

parentheses represents percentage deviation from control value.

Graphprism version 6 software. Statistical differences were
tested using one-way ANOVA. Differences were considered
significant at p values <0.0S, and then Tukey honest significant
difference (HSD) analysis was performed to determine
whether there were statistically significant differences in the p
values.

B RESULTS

Glycemic Control. A stepwise decline in plasma glucose
was noted with addition of a low dose of captopril, which could
be detected even in the first month of the study period; see
Table 1, showing 10.3% after 1 month and 22.1% by the end of
the follow-up period of 3 months. The same observation also
noticed with HbA,, which decreased by only 3.6% in the first
month and by 9.9% after 3 months of treatment with captopril.

Oxidative Stress. Diabetes is associated with oxidative
stress, which is reflected by increased production of TBARS
and disturbance in the balance between reduced GSH and
GSSG. At the start of the experiment, the mean plasma levels
of TBARS in diabetics were twice as high as those of control
subjects; see Table 2. Following the treatment with a low dose
of captopril, lipid peroxidation was suppressed, which is
represented by decreases in the level of TBARS by 3.7% in the
first month and by 18.1% after 3 months (Table 2). The
TBARS level decreased from 86.1% after the first month to
58.3% after 3 months of treatment, slowly but steadily
declining toward the normal control level. T2DM is associated
with a disturbance in GSH metabolism. The total GSH
(tGSH) levels were much lower in diabetic than in control
subjects. At the start of the study, the mean level of the group
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treated with a low dose of captopril was 47.5% below the
control (Table 2).

T2DM not only affected tGSH values but also depressed the
biologically important reduced GSH levels. The mean baseline
value for GSH was substantially reduced by 73.6% in the group
treated with captopril; see Table 2. Following 1 month of
treatment, mean tGSH increased by 15.9% and was further
increased by 48.4% over the baseline value at 3 months. This
last value was still 22.1% below the mean control level (Table
2). Reduced GSH also steadily increased as a result of
administration of low-dose captopril: increased by 20.5% in the
first month and increased by a substantial 120.5% by the end of
the follow-up period of 3 months. However, it was still below
the mean control value (Table 2). On the other hand, GSSG
substantially increased in all diabetic patients. The mean GSSG
level in the group treated with a low dose of captopril was
higher by 230.0% compared to the control. The elevation in
reduced GSH level was accompanied by a decrease in GSSG.
After the first month of captopril administration, the GSSG
level decreased by more than 5% below the mean starting level,
and it reached a statistically significant value of 20% lower by
the end of 3 months. According to these results, the GSH/
GSSG ratio was greatly perturbed, as it was reduced from 23.9
+ 5.4 down to 1.7 + 0.3 upon the treatment with captopril,
which indicates a great shift in the oxidation/reduction balance
toward a more oxidative environment. Such a shift was
confirmed by the calculations of the redox potential in these
patients.

Confirmation of the presence of an oxidative environment
arises from a shift in the redox potential, which changed from a
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mean value of =139 + 4.7 mV in the control subjects to —66 +
4.0 mV at the start of the treatment period, which means a shift
of 52.5% toward the oxidative side in the captopril-treated
group (Table 2). After 1 month of treatment, the difference
was —75 + 4.2 mV, or 46.0% from control and 13.6% from
baseline, going to —88 + 4.9 mV, or 36.7% difference from
control and 33.3% from baseline, after 3 months (Table 2).

The ox-LDL antibodies (Ab) were elevated in the plasma of
the diabetic groups compared with the control group. The
mean value for the patients at the start of treatment was 50.2%
more than for the control group. Addition of low-dose
captopril to the treatment regimen caused a decline in ox-LDL-
Ab, as the antibodies level decreased by 12.6% and 26.4% by
the end of first and third months, respectively. However,
although the level was still higher than the mean control value
by 10.8%, this difference was statistically significance (Table
2).

B DISCUSSION

Diabetes is associated with an increased incidence of
macrovascular complications, includin% CAF and cerebrovas-
cular and peripheral vascular diseases.”® T2DM is associated
with a 2- to 4-fold increased risk of coronary heart disease.”” As
hyperglycemia is the hallmark of DM, it is logical to find the
fasting blood glucose (FBG) levels as well as glycohemoglobin
levels higher in the diabetic group with cardiac complications
compared to the control group.

The effect of adding a low dose of captopril to the treatment
regimen of diabetics was unexpected, as it led to improvement
in glycemic status, represented by decreases in the mean FBG
and HDbA,; levels, not very prominent but statistically
significant, probably reflecting a tendency toward better overall
improvement in patients’ general health, whole body
metabolism, and alleviation of oxidative stress. The results of
the present study clearly indicate that there was a definite
overproduction of free radicals and excessive exposure of
diabetic patients to oxidative stress. The lipid peroxidation
index, TBARS, was significantly higher in diabetic patients with
CAD than in the control group. These findings are compatible
with many reports in the literature.*

Oxidative stress occurs through several pathways. A major
mechanism appears to be hyperglycemia-induced intracellular
ROS generated by the mitochondrial electron transport chain,
which results in increased production of superoxide radicals.”"
ROS are continually generated as byproducts of normal cellular
respiration, in which electrons are transferred from one
molecule to another, yielding free radicals which are highly
energetically unstable molecules.*” Hyperglycemia causes
increased ROS formation. One mechanism involves the
transition-metal-catalyzed autoxidation of free glucose.
Through this mechanism, glucose itself initiates the autox-
idation reaction and free radical production.*’

The increase in free radicals in the present study was
coupled with a disturbance in free radical scavengers. We
found that GSSG was higher, while the total GSH and reduced
GSH were generally lower in the diabetic group than in the
control. In addition to the oxidant/antioxidant imbalance, the
decreased GSH level in diabetic patients could be influenced
by decreased activity of enzymes such as y-glutamylcysteine
synthase and glutathione reductase, possibly because of their
glycation by hyperglycemia.**

GSH is essential for maintaining the intracellular redox
balance.” It represents the single largest source of reducing
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equivalents in the cell and accounts for about 90% of all
cellular reducing equivalents.” Therefore, the depletion of GSH
could significantly affect the overall redox potential of the cell.
By examining the calculated redox potential in the present
study, it becomes clear that the redox potential for subjects
with T2DM with CAD shifted to the oxidizing side and the
addition of a low dose of captopril partially corrected the
balance of GSH/GSSG to restore the reducing potentials,
especially after 3 months. Captopril and enalpril have been
shown to increase endogenous oxidant scavengers in mouse
tissue.” Decreasing the synthesis and/or blocking the action of
ANG 1I slows the progression of atherosclerosis in diabetic
patients,*® which may be due in part to a reduction in the
formation of ROS. In addition, ACE inhibition improves
insulin sensitivity in those with hypertension and impaired
glucose metabolism because of the improvement of blood flow
and therefore delivery of insulin and glucose.”” It is believed
that ACE inhibitors and angiotensin II receptor blockers
(ARBs) act by increasing the delivery of insulin and glucose to
the peripheral skeletal muscle through blocking of ANG II,
which leads to reduced incidence of diabetes, particularly in
high-risk patients."”

The present study has shown alteration in the lipid profile
(ox-LDL) in diabetic groups as compared to the healthy
control subjects. LDL oxidation plays a key role in athero-
genesis.””*” Oxidative modification of LDL has been
implicated as a major factor in the pathogenesis of coronary
atherosclerosis.”® It was found that circulating ox-LDL-Ab
levels in patients with T2DM were significantly higher than in
control subjects. Ox-LDL exerts several biological effects that
may contribute to the progression of the atherosclerosis
lesion.”’ Ox-LDL may also contribute to rapidly progressing
atherosclerosis by inducing platelet adhesion, by decreasing the
anticoagulant and fibrinolytic capacities of activated endothe-
lium, and by impairing vasodilation.”! Moreover, many studies
suggest that ox-LDL stimulates VSMCs and macrophage
proliferation and promotes endothelial cytotoxicity.”

Adjunct therapy with a low dose of captopril induced an
improvement in the total oxidative stress in patients with
T2DM with CAD, which resulted in a significant decrease in
ox-LDL. A very encouraging observation in the present study is
the favorable response of ox-LDL-AD levels to ACE inhibitor
therapy. The definite and steady decline in ox-LDL-Ab level in
T2DM patients with CAD was clear and is indicative of
improvement in the atherosclerosis condition. The time factor
is also important, as the decline in the level occurred within
only 3 months of therapy.

B CONCLUSION

The results obtained from the present study are encouraging.
The clinical improvement and the shift in the disease indices
toward normal make the use of low doses of ACE inhibitors as
adjuvant therapy in Type 2 diabetics with cardiovascular
disease worth pursuing. Thus, investigations directed at
preventing or protecting against oxidative damage may provide
a novel approach for managing a range of cardiovascular
disorders associated with Type 2 diabetic patients.
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