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The role of captopril in leukotriene
deficient type 1 diabetic mice
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T1D can be associated with metabolic disorders and several impaired pathways, including insulin
signaling, and development of insulin resistance through the renin-angiotensin system (RAS).

The main precursor of RAS is angiotensinogen (Agt) and this system is often linked to autophagy
dysregulation. Dysregulated autophagy has been described in T1D and linked to impairments in both
glucose metabolism, and leukotrienes (LTs) production. Here, we have investigated the role of RAS
and LTs in both muscle and liver from T1D mice, and its effects on insulin and autophagy pathways.
We have chemically induced T1D in 129sve and 129sve 5LO~~ mice (lacking LTs) with streptozotocin
(STZ). To further inhibit ACE activity, mice were treated with captopril (Cap). In muscle of T1D mice,
treatment with Cap increased the expression of RAS (angiotensinogen and angiotensin Il receptor),
insulin signaling, and autophagy markers, regardless of the genotype. In the liver of T1D mice, the
treatment with Cap increased the expression of RAS and insulin signaling markers, mostly when LTs
were absent. 5LO~-T1D mice showed increased insulin sensitivity, and decreased NEFA, after the Cap
treatment. Cap treatment impacted both insulin signaling and autophagy pathways at the mRNA
levels in muscle and liver, indicating the potential role of ACE inhibition on insulin sensitivity and
autophagy inT1D.

Type 1 diabetes (T1D) is a disease caused by the autoimmune destruction of pancreatic beta cells, which are
responsible for producing insulin!. In the absence of insulin, a hyperglycemic condition stands, often associated
with a low-grade inflammatory profile, however, the impairment in the glucose metabolism can affect not only
insulin signaling pathway, but also other important pathways responsible for metabolic and cell homeostasis,
such as autophagy!'=.

As a result of the chronic low-grade inflammation, some inflammatory mediators may affect the insulin
signaling pathway. Leukotrienes (LTs) are lipidic mediators produced by the stimulus of phospholipase A, over
the membrane phospholipids, releasing arachidonic acid in the cytoplasm, which will be further converted in
leukotriene through the action of the 5-lipoxygenase enzyme (5-LO)*°. LTs are often associated with the inflam-
matory response; however, some studies have shown that this lipidic mediator can impair the insulin signaling
pathway activation, in some metabolic active tissues, such as muscle, liver, and adipose tissue, through the bind-
ing of leukotriene B4 (LTB4) in its specific receptor BLT17%.

LTs are often linked with the development of cardiovascular diseases (CVDs)*™!'!, and T1D patients have
increased chances to develop CVDs, which is one of the main mortality-associated causes in this disease!>1*.
The renin-angiotensin system (RAS) is the main physiological system linked with inflammation and CVDs. The
primary function of RAS is to regulate blood pressure, yet, the over activation of its components specifically
through the action of angiotensinogen II (Ang II) after binding on its angiotensin II type 1 receptor (AT1),
contributes to the onset of the inflammatory profile!*-*. One approach to regulate RAS components and conse-
quently reduce the risk of CVDs is by using angiotensin-converting enzyme (ACE) inhibitors, such as captopril
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(Cap), known by its direct effects over the ACE enzyme, preventing the production of Ang II and its further
proinflammatory actions'’~°.

Autophagy is a cellular process that is involved with the cell homeostasis and intracellular components cycling,
contributing to the cell metabolism*'-?*. Impaired autophagy is linked with the insulin signaling as well as with
some diseases, like CVDs and diabetes>****. There is a link between the RAS and autophagy process, regarding
the activation of their components and further impaired metabolism?>?%, however there is a gap in the literature
in the role of RAS and autophagy pathway in some metabolic active tissues, like muscle and liver, for example,
especially their relationship with T1D.

Several studies have analyzed impaired cell metabolism/pathways, especially in the metabolic active tissues,
including muscle, liver and adipose tissues, and the role of LTs, but mainly in type 2 diabetes (T2D)*-*. We
hypothesized that LTs are one of the main factors involved with the impaired autophagy and insulin signaling in
muscle and liver during T1D, and that Cap treatment can help to restore the well-functioning of these pathways.
Therefore, studying and comparing the main findings in a T1D model could fill the gap between these well stud-
ied diseases, since besides its ontology, both T1D and T2D shares important characteristics and pathways that
are linked to the progression of the disease. A better understanding of the similarities and differences among
them can help to improve not only the health of patients under constant treatment, but also contributes to new
treatment findings and approaches.

Results

Metabolic profile of 129sve and 129sve 5LO~~ mice treated or not with captopril

After verifying STZ-induced hyperglycemia at day 15th, half of the T1D mice groups were treated with Cap
daily by gavage (30 mg/L), for 30 days, followed by blood glucose measurements and then also at the 45th day
regardless of whether mice are treated with or without Cap. We have considered diabetic mice that presented
blood glucose greater than 300 mg/dL. We observed reduced weights in all T1D mice compared to their control
groups, regardless of the Cap treatment and the genotype (5LO~") (Wt vs T1D p=0.0260; Wt vs T1D + Cap
p<0.0001; 5LO~"~ vs 5LO~'~ T1D p<0.0001; 5LO~~ vs 5LO~~ T1D + Cap p<0.0001) (Fig. 1A). Similarly, T1D
mice have remained hyperglycemic, regardless of Cap treatment and genotype (Wt vs T1D p<0.0001; Wt vs
T1D + Cap p<0.0001; 5LO~~ vs 5LO~'~ T1D p<0.0001; 5LO~'~ vs 5LO~~ T1D + Cap p<0.0001) (Fig. 1B). Mice
in the diabetic groups lost weight when compared to their controls and the Cap treatment of 129sve and 129sve
5LO~"~ mice did not influence the weight gain of these mice, nor the glycemic control.

Insulin-related parameters of 129sve and 129sve 5LO~~ mice treated or not with captopril

Insulin tolerance test was performed to investigate the potential effects of Cap in restoring the insulin sensi-
tivity in diabetic mice. We have observed that 129sve mice have a reduced ability to control glycemia, even
after receiving insulin. However, 129sve 5LO~~ T1D and 129sve 5LO~~ T1D mice treated with Cap, had a
lower level of blood glucose, after received insulin (129sve groups 0-120 min for all groups: ns; 129sve
5LO~'~ groups: 0 and 30 min: ns among the groups; 60 min: 5LO~"~ vs 5LO~~ T1D ns p=0.6975; 5LO~'~ vs
5LO~~ T1D + Cap p=0.0242; 5LO~'~+ Cap vs 5LO~ T1D ns p=0.4531; 5LO~~ + Cap vs 5LO~'~ T1D + Cap
p=0.0073; 90 min: 5LO~~ vs 5LO~~ T1D ns p=0.1681; 5LO~~ vs 5LO~~ T1D + Cap p=0.0002; 5LO~'~ + Cap vs
5LO~~ T1D p=0.0063; 5LO~'~ + Cap vs 5LO~~ T1D + Cap p <0.0001; 120 min: 5LO~'~ vs 5LO~'~ T1D p =0.0356;
5LO~~ vs 5LO~'~ T1D +Cap p<0.0001; 5LO~~+ Cap vs 5LO~~ T1D p=0.0008; 5LO~~+ Cap vs 5LO~7~ T1D + Cap
p<0.0001) (Fig. 2A, B). Regarding plasma insulinemia in these animals, we observed that, as expected, the insulin
concentration in both groups (treated or not with Cap) of 129sve T1D and 129sve 5LO~'~ T1D mice was lower
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Figure 1. Weight variation and glycemia from 129 and 129sve 5LO~~ mice treated or not with captopril. (A)
Body weight of Wt, Cap, T1D, T1D + Cap, 5LO~~, 5LO~'~ + Cap, 5LO~'~ T1D and 5LO~'~ T1D + Cap mice
groups. (B) Blood glucose measurement of Wt, Cap, T1D, T1D + Cap, 5LO~~, 5LO~~+ Cap, 5LO™~ T1D and
5LO~'~ T1D + Cap mice groups. The body weight of the mice was evaluated throughout the T1D induction
protocol and treatment with Cap. Blood glucose was checked 10 days after the last dose of STZ to confirm the
T1D induction and 4 weeks after Cap treatment. Mice that presented weight loss together with blood glucose
over 300 mg/dL were considered diabetic. n=>5-7 animals per group. Data are displayed as mean + SEM.
Different superscripts lowercase letters means statistical significance, with p being at least <0.05. One-way
ANOVA followed by Bonferroni post-test was used to analyze this set of data.
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Figure 2. Insulin tolerance test and insulin plasma levels from 129 and 129sve 5LO~~ mice treated or not with
captopril. (A,B) ITT of Wt, Cap, T1D, T1D + Cap, 5LO~"~, 5LO~~ + Cap, 5LO~~ T1D and 5LO~~ T1D + Cap
mice groups. C and D: Insulin dosage of Wt, Cap, T1D, T1D + Cap, 5LO~"~, 5LO~~ + Cap, 5LO~~ T1D and
5LO~"~ T1D + Cap mice groups. After insulin administration (0.75 IU/kg), the percentage of glucose in the blood
of mice was measured at 0, 30, 60, 90 and 120 min. Plasma insulin concentration was analyzed after the plasma
acquisition from these mice, without any insulin treatment. n=5-9 animals per group. Data are displayed as
means + SEM. Different superscripts lowercase letters mean statistical significance, with p being at least <0.05.
One-way ANOVA followed by Bonferroni post-test was used to analyze this set of data.

when compared to their respective control or treated groups (Wt vs T1D ns p=0,1654; Wt vs T1D + Cap ns
p=0.1788; Cap vs T1D p=0.0216; Cap vs T1D + Cap p=0.0251; 5LO~'~ vs 5LO~~+ Cap p=0.0071; 5LO~ vs
5LO0~~ T1D p<0.0001; 5LO~"~ vs 5LO~~ T1D + Cap p<0.0001) (Fig. 2C, D). These results suggest that the
absence of leukotrienes in T1D mice is linked to increased insulin sensitivity, when combined with Cap treatment.

Plasma levels of adipokines from 129 and 129sve 5LO~~ mice treated or not with captopril

We did not observe any difference between the groups, regarding the plasma concentration of IL-6, regardless
of the treatment with Cap or the genotype (Fig. 3A, B). Interestingly, we observed that leptin plasma concentra-
tion was reduced in 129sve T1D (Cap vs T1D p=0.0458; Cap vs T1D + Cap p=0.0403) and 129sve 5LO~~ T1D
(5LO~~+ Cap vs 5LO~~ T1D p=0.0010; 5LO~~ + Cap vs 5LO~'~ T1D + Cap p=0.0015) mice, regardless of Cap
treatment or genotype (Fig. 3C, D). The plasma concentration of resistin was also reduced, but only in the 129sve
5LO~"~ T1D mice regardless of Cap treatment (5LO~'~ vs 5LO~~ T1D p=0.0022; 5LO~~ vs 5LO~"~ T1D + Cap
p=0.0019; 5LO~~+ Cap vs 5LO~~ T1D p=0.0015; 5LO~~+ Cap vs 5LO~~ T1D + Cap p=0.0012), suggesting
that in this case, resistin levels could be affected by LTs (Fig. 3E, F). When evaluating the plasma concentra-
tion of triglycerides (TG) in 129sve and 129sve 5LO~'~ mice, we have found an increase in TG concentra-
tions only in the plasma of 129 5LO~~ T1D mice regardless of Cap treatment (5LO~'~+ Cap vs 5LO7~ T1D
p=0.0151; 5LO~~+ Cap vs 5LO~ T1D + Cap p=0.0105) (Fig. 3G, H). Adiponectin plasma levels were decreased
on both 129sve 5LO~'~ T1D treated or not with Cap (5LO~'~+ Cap vs 5LO~'~ T1D p=0.0307; 5LO~~+ Cap vs
5LO~~ T1D + Cap p=0.0045), but only in this genotype, indicating that LTs absence could be linked to the
observed plasma decreased levels of this adipokine (Fig. 31, J). NEFA plasma concentration was increased only
in the plasma of both 129sve T1D (Wt vs T1D p=0.0240) and 129sve 5LO~~ T1D (5LO~'~ vs 5LO~'~ T1D
p=0.0217), however, only in the plasma of 129sve 5LO~~ T1D mice treated with Cap, where we were able to
observe a decrease in the basal levels of these fatty acids (5LO~~ T1D vs 5LO~~ T1D + Cap p=0.0284) (Fig. 3K,
L). These results suggest that the plasma levels of these adipokines could be affected not only by the presence/
absence of LTs, but also by the treatment with Cap.
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Figure 3. Effects of captopril on adipokines plasma levels from 129 and 129sve 5LO~'~ mice. (A,B) Plasma
concentration of IL-6, (C,D) leptin, (E,F) resistin, (G,H) triglycerides, (LJ) adiponectin, (K,L) non-steroidal
fatty acids (NEFA). The measurement was performed from the plasma of Wt, Cap, T1D, T1D + Cap, 5L07,
5LO~'~+ Cap, 5LO~'~ T1D and 5LO~'~ T1D + Cap mice groups. n=4-9 mice per group. Data are displayed as
mean + SEM. Different superscripts lowercase letters means statistical significance, with p being at least <0.05.
One-way ANOVA followed by Bonferroni post-test was used to analyze this set of data.

Captopril effects over the gene expression of RAS markers in the muscle from 129 and 129sve
5LO"" mice

We have observed increased gene expression of Agt, in 129sve T1D (p=0.0391) and 129sve 5LO~~ T1D mice
treated with Cap (p=0.0484) (Fig. 4A, B). Interestingly, we have also observed a similar pattern in relation to gene
expression of At1 (Wt vs T1D + Cap p=0.0016; 5LO~~ vs 5LO~~ T1D + Cap p =0.0064), the gene responsible for
encoding the receptor that binds to angiotensin II (Fig. 4C, D). These results indicate that Cap influence both
Agt and Atl gene expression in T1D mice regardless of the presence of LTs.

Captopril effects over the gene expression of RAS markers in the liver from 129 and 129sve
5LO7 mice

When we evaluated the expression of the main RAS markers in the liver samples, we observed that there was an
increase in the expression of Agt and At1, both in 129sve T1D mice (p=0.0040) and in 129sve T1D mice treated
with Cap (p=0.0019) for Agt, and in 129sve T1D mice treated with Cap (p=0236) for AtI and that, differently
from what was observed in the muscle, appears to be dependent on the presence of LTs, since there is no differ-
ences at gene levels for these markers in the groups from 129 5LO~'~ mice (Fig. 5A-D). The Cap treatment on
T1D mice, in this case, does not appear to be the cause of the increased expression of these genes, since it was
possible to observe that T1D stimulated the expression of Agt and At1 in the liver of these mice.

Captopril effects over the gene expression of the insulin signaling markers in the muscle from
129 and 129sve 5LO" mice

We have noticed that both Insr and Irs1 presented reduced expression in T1D mice muscle, regardless of the
genotype, but Cap was able to increase the expression of these genes (Insr: Wt vs T1D + Cap p=0.0106; T1D
vs T1D + Cap p=0.0388; 5LO~~ T1D vs 5LO~'~ T1D + Cap p=0.0137; IrsI: T1D vs T1D + Cap p=0.0376;
5LO~ T1D vs 5LO7~ T1D + Cap p=0.0294), in a more accentuated way in muscle from 129sve 5LO~~ mice
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Figure 4. Effects of captopril on the expression of RAS markers in the muscle from 129 and 129sve 5LO™~

mice. (A,B) Agt gene expression in the muscle of Wt, Cap, T1D, T1D + Cap, 5LO~~, 5LO~/~+ Cap, 5LO~~ T1D
and 5LO~~ T1D + Cap mice groups. (C,D) Atl gene expression in the muscle of Wt, Cap, T1D, T1D + Cap,
5LO77, 5LO7~+ Cap, 5LO~"~ T1D and 5LO~~ T1D + Cap mice groups. Agt and AtI gene expression was
analyzed using muscle homogenate from the groups mentioned. n=4-7 mice per group. Data are displayed as
mean + SEM. Different superscripts lowercase letters means statistical significance, with p being at least <0.05.
One-way ANOVA followed by Bonferroni post-test was used to analyze this set of data.

(Fig. 6A-D). Following a similar pattern, we observed the same phenomenon related both glucose transporter 4
(Glut4) and adenosine monophosphate-activated protein kinase (Ampk), responsible for glucose uptake, fatty acid
oxidation and energy homeostasis in muscles, but only in the muscles of 129sve 5LO~~ mice (Glut4: 5LO7" vs
5LO~~ T1D p<0.0001; 5LO~~+ Cap vs 5LO~~ T1D p<0.0001; 5LO~~ T1D vs 5LO~~ T1D + Cap p =0.0002;
Ampk: 5LO07~ T1D vs 5LO~~ T1D + Cap p=0.0219) (Fig. 6E-H). These results suggest that Cap treatment can
stimulate and assist in the functioning of the insulin signaling pathway in the muscle of T1D mice, regardless of
the LTs presence. We have evaluated the protein expression of both phosphorylated and total AKT and AMPK,
however no main changes were observed among the groups in the muscle (Supplementary Fig. 1A-D).

Captopril effects over the gene expression of the insulin signaling markers in the liver from 129
and 129sve 5LO"~ mice

The expression insulin receptor (Insr and Irs1) and Ampk markers did not show differences among groups
in129sve mice liver. However, in the liver of the 129sve 5LO~~ mice, we were able to identify a decrease for these
genes expression in the T1D group, but Cap treatment was capable to restore the expression of these genes (Insr:
5LO~~+ Cap vs 5LO7~ T1D p=0.0448; 5LO~'~ T1D vs 5LO~'~ T1D + Cap p=0.0029; IrsI: 5LO~'~ vs 5LO~'~ T1D
p=0.0027; 5LO~"~+ Cap vs 5LO~~ T1D + Cap p=0.0396; 5LO~~ T1D vs 5LO~~ T1D + Cap p=0.0001; Ampk:
5LO~~ T1D vs 5LO~~ T1D + Cap p=0.0128) in the same way that we observed in the muscle of these mice
(Fig. 7A-F). These results suggest that Cap treatment can stimulate and assist in the functioning of the insulin
signaling pathway, in the same way that was observed with muscle samples, in mice with T1D, and the absence
of LTs may be related to the functioning of this pathway on liver. We have evaluated the protein expression of
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Figure 5. Effects of captopril on the expression of RAS markers in the liver from 129 and 129sve 5LO~~ mice.
(A,B) Agt gene expression in the liver of Wt, Cap, T1D, T1D + Cap, 5LO~/~, 5LO~~ + Cap, 5LO~"~ T1D and
5LO~"~ T1D + Cap mice groups. C and D: At] gene expression in the liver of Wt, Cap, T1D, T1D + Cap, 5LO~,
5LO~~+Cap, 5LO™~ T1D and 5LO~~ T1D + Cap mice groups. Agt and At] gene expression was analyzed using
liver homogenate from the groups mentioned. n=5-8 mice per group. Data are displayed as mean + SEM.
Different superscripts lowercase letters means statistical significance, with p being at least <0.05. One-way
ANOVA followed by Bonferroni post-test was used to analyze this set of data.

both phosphorylated and total AKT and AMPK, however no main changes were observed among the groups in
the liver (Supplementary Fig. 2A-D).

Captopril effects over the gene expression of the autophagy markers in the muscle from 129
and 129sve 5LO~ mice

Regarding the main markers for the autophagy pathway, we have observed increased expression of some of these
markers, where Beclinl (p=0.0029), Atg5 (p=0.0101), and Atg7 (p=0.0012)from 129sve T1D mice treated with
Cap were increased compared to the Wt group, while both 129sve T1D mice showed increased Atgi4 (Wt vs T1D
p=0.0117; Wt vs T1D + Cap p=0.0001) and LC3 (Wt vs T1D p=0.0062; Wt vs T1D + Cap p <0.0001) expression
regardless of Cap treatment, compared to the Wt group (Fig. 8A, C, E, G, I, K). However, in 129 sve 5L07~T1D
mice, we have only observed a decrease in the expression of Atg12 (5LO~'~ T1D vs 5LO~~ T1D + Cap p=0.0143)
and LC3 (5LO~~+Cap vs 5LO~~ T1D p=0.0130; 5LO~'~ T1D vs 5LO~'~ T1D + Cap p=0.0187), and the treatment
with Cap restored the expression of these genes (Fig. 8B, D, F, H, ], L), indicating that the presence of LTs may be
related to the functioning of this pathway, and that Cap treatment could improve the activation of this pathway.
In the same way that we have evaluated some proteins from the previous set of results, we have observed no
changes in phosphorylated and total mTOR, or LC3 protein expression in the muscle (Supplementary Fig. 3A-D).

Captopril effects over the gene expression of the autophagy markers in the liver from 129 and
129sve 5LO™~ mice

When evaluating the gene expression of some of markers mentioned above in the muscle of these mice, we
observed increased Agt12 (Wt vs T1D + Cap p=0.0021; Cap vs T1D + Cap p=0.0087; 5LO~'~ vs 5LO~~ T1D + Cap
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Figure 6. Effects of captopril on the expression of insulin signaling pathway markers in the muscle from

129 and 129sve 5LO™~ mice. (A,B) Insr gene expression in the muscle of Wt, Cap, T1D, T1D + Cap, 5LO7",
5LO~"~+Cap, 5LO0~~ T1D and 5LO~'~ T1D + Cap mice groups. (C,D) IrsI gene expression in the muscle of Wt,
Cap, T1D, T1D + Cap, 5LO~"-, 5LO~'~ + Cap, 5LO~~ T1D and 5LO~'~ T1D + Cap mice groups. (E,F) Glut4 gene
expression in the muscle of Wt, Cap, T1D, T1D + Cap, 5LO~~, 5LO~'~ + Cap, 5LO~~ T1D and 5LO~~ T1D + Cap
mice groups. (G,H) Ampk gene expression in the muscle of Wt, Cap, T1D, T1D +Cap, 5LO~-, 5LO~~ + Cap,
5LO~~ T1D and 5LO~~ T1D + Cap mice groups. Insr, Irs1, Glut4, and Ampk gene expression was analyzed using
muscle homogenate from the groups mentioned. n=4-8 mice per group. Data are displayed as mean + SEM.
Different superscripts lowercase letters means statistical significance, with p being at least < 0.05. One-way
ANOVA followed by Bonferroni post-test was used to analyze this set of data.
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Figure 7. Effects of captopril on the expression of insulin signaling pathway markers in the liver from 129 and
129sve 5LO~'~ mice. (A,B) Insr gene expression in the liver of Wt, Cap, T1D, T1D + Cap, 5LO~'~, 5LO~~+ Cap,
5LO~'~ T1D and 5LO~~ T1D + Cap mice groups. (C,D) IrsI gene expression in the liver of Wt, Cap, T1D,

T1D + Cap, 5LO~~, 5LO~~+ Cap, 5LO~~ T1D and 5LO~~ T1D + Cap mice groups. (E,F) Ampk gene expression
in the liver of Wt, Cap, T1D, T1D + Cap, 5LO~'~, 5LO~~+ Cap, 5LO~~ T1D and 5LO~'~ T1D + Cap mice groups.
Insr, Irs1, and Ampk gene expression was analyzed using liver homogenate from the groups mentioned. n=4-7
mice per group. Data are displayed as mean + SEM. Different superscripts lowercase letters means statistical
significance, with p being at least <0.05. One-way ANOVA followed by Bonferroni post-test was used to analyze
this set of data.

p=0.0017; 5LO~~ T1D vs 5LO”~ T1D + Cap p =0.0041) and Agt14 (Wt vs T1D + Cap p=0.0019; Cap vs
T1D + Cap p=0.0118; T1D vs T1D + Cap p=0.0340; 5LO~'~ vs 5LO~'~ T1D + Cap p=0.0154; 5LO~'~ T1D vs
5LO™"~ T1D+ Cap p=0.0134) expression, in both 129sve T1D and 129sve 5LO~~ T1D mice that were treated
with Cap, and that, in contrast with the muscle results, occurs independently of the presence of LTs (Fig. 9A-L).
Similarly, we have observed no changes in phosphorylated and total mTOR, or LC3 protein expression in the
liver from these mice (Supplementary Fig. 4A-D).

Discussion
Given the high risk for T1D patients to develop cardiovascular diseases, and the established role of impaired
insulin and autophagy pathways in these diseases, we proposed to analyze the impact of an ACE inhibitor, Cap on
the metabolic impairments in a T1D mouse model. Additionally, LTs stand out as potential mediator impairing
insulin and autophagy signaling pathways, both of which that are essential for the cell survival and functions and
are known to be impaired in metabolic diseases®”*2. Therefore, we have used a knockout model for LTs (129sve
5LO~~ mice) and their littermates 129sve mice, which we treated with Cap. We evaluated the influence of Cap
treatment in presence or absence of LTs on metabolically active organs, namely muscle and liver, from these mice.
During the development of this study, we did find some limitations, for example to address some specific
autophagy timepoints, which are important to know the detailed dynamic of this pathway, which can also explain
the similar results at protein levels among the groups, but at gene levels we were able to identify some differences,
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Figure 8. Effects of captopril on the expression of autophagy markers in the muscle from 129 and 129sve
5LO~~ mice. (A,B) Beclinl gene expression in the muscle of Wt, Cap, T1D, T1D + Cap, 5LO~~, 5LO~~+ Cap,
5LO~"~ T1D and 5LO~~ T1D + Cap mice groups. (C,D) Atg5 gene expression in the muscle of Wt, Cap, T1D,
T1D + Cap, 5LO~/~, 5LO~~+ Cap, 5LO~~ T1D and 5LO~~ T1D + Cap mice groups. (E,F) Afg7 gene expression in
the muscle of Wt, Cap, T1D, T1D + Cap, 5LO~~, 5LO~~+ Cap, 5LO~~ T1D and 5LO~~ T1D + Cap mice groups.
(G,H) AtgI2 gene expression in the muscle of Wt, Cap, T1D, T1D + Cap, 5LO~'~, 5LO~'~ + Cap, 5LO~'~ T1D

and 5LO7~ T1D + Cap mice groups. (L)) Atgl4 gene expression in the muscle of Wt, Cap, T1D, T1D + Cap,
5L07~, 5LO~~+ Cap, 5LO~"~ T1D and 5LO~~ T1D + Cap mice groups. (K,L) Lc3 gene expression in the muscle
of Wt, Cap, T1D, T1D + Cap, 5LO~~, 5LO~~+ Cap, 5LO~~ T1D and 5LO~~ T1D + Cap mice groups. Beclinl,
Atg5, Atg7, Atgl2, Atgl4, and Lc3 gene expression was analyzed using muscle homogenate from the groups
mentioned. n=4-6 mice per group. Data are displayed as mean + SEM. Different superscripts lowercase letters
means statistical significance, with p being at least <0.05. One-way ANOVA followed by Bonferroni post-test
was used to analyze this set of data.

showing that there is an effect of Cap treatment, LTs presence during T1D for autophagy. Also, the results with
the phosphorylated proteins involved in the glucose metabolism were not different among the groups, however
as one of the main goals of this study was to evaluate the effect of captopril, we decided to not inject the mice
before euthanasia with insulin—which is known to triggers AKT phosphorylation, for example. However, these
are fields that we are wanting to address in future studies, and the main findings of this current study are very
important to lead us to these extra steps that we want to evaluate. Below, we discuss the main findings of this
study and the potential link of RAS, insulin and autophagy pathways, along with the role of LTs during T1D and
the mentioned pathways.

We have evaluated the insulinemia of wild type vs. STZ-induced diabetic littermates. As expected, it was
reduced in the T1D groups, regardless of the presence of LTs or treatment with Cap. However, when we analyzed
the ability of 129sve and 129sve 5LO~~ mice to control glycemia after insulin administration, we observed that
129sve T1D mice had difficulty in reducing plasma glucose concentration, even with Cap treatment; however,
as previously verified in our work®, 129sve 5LO~~ T1D mice were able to better control the glucose levels—and
more markedly, in the group that received Cap treatment, indicating the possible role of LTs in reducing func-
tionality of the insulin signaling pathway, as observed in other studies”®, in this case, also in T1D*. Furthermore,
consistent with our findings, some studies have reported that Cap stimulated the insulin signaling pathway**~’,
which may improve insulin sensitivity in T1D.

Our results corroborate these findings in the literature not only regarding the response to insulin (ITT) results,
but also regarding changes in mRNA markers for the insulin pathway, in both 129sve and 129sve 5LO~~ mice,
and the treatment with Cap rescued the expression of these genes, in muscle overall, and more markedly in the
absence of LTs, in the liver. The activation of the insulin signaling is mediated by the phosphorylation of the
Irs1, which is also the target of pro-inflammatory cytokines and lipid mediators (that are capable to block the
serine 473 phosphorylation)”#*. When LTs binds to its leukotriene B4 (LTB4) receptor 1 (BLT1), it triggers the
blockade of the serine 473 phosphorylation of Irs1, which will impair the subsequent phosphorylation of AKT
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Figure 9. Expression of autophagy markers in the liver from 129 and 129sve 5LO~'~ mice treated or not

with captopril. (A,B) Beclinl gene expression in the liver of Wt, Cap, T1D, T1D + Cap, 5LO~"~, 5LO~~ + Cap,
5LO~~ T1D and 5LO~~ T1D + Cap mice groups. (C,D) Atg5 gene expression in the liver of Wt, Cap, T1D,

T1D + Cap, 5LO~, 5LO0~~+ Cap, 5LO0~~ T1D and 5LO~~ T1D + Cap mice groups. (E,F) Atg7 gene expression
in the liver of Wt, Cap, T1D, T1D + Cap, 5LO~~, 5LO~~+ Cap, 5LO~~ T1D and 5LO~~ T1D + Cap mice groups.
(G,H) Atgl2 gene expression in the liver of Wt, Cap, T1D, T1D + Cap, 5LO~"~, 5LO~~ + Cap, 5LO~~ T1D and
5LO~~ T1D + Cap mice groups. I and J: Atgl4 gene expression in the liver of Wt, Cap, T1D, T1D + Cap, 5LO07,
5LO~+Cap, 5LO7~ T1D and 5LO~~ T1D + Cap mice groups. K and L: Lc3 gene expression in the liver of Wt,
Cap, T1D, T1D + Cap, 5LO~, 5LO~~ + Cap, 5LO~~ T1D and 5LO~~ T1D + Cap mice groups. Beclinl, Atg5,
Atg7, Atgl2, Atgl4, and Lc3 gene expression was analyzed using liver homogenate from the groups mentioned.
n=4-5 mice per group. Data are displayed as mean + SEM. Different superscripts lowercase letters means
statistical significance, with p being at least <0.05. One-way ANOVA followed by Bonferroni post-test was used
to analyze this set of data.

through the activation of PI3K and PDK1—this will block the GLUT translocation to the cell surface, decreasing
the cells glucose uptake”®. A similar effect is observed with the binding of the proinflammatory cytokines IL6
and TNFa in their respective receptors”®. Therefore, Cap treatment can stimulate and assist in the role of insulin
in metabolic tissues of T1D mice even in the presence of LTs, as captopril treatment help to decrease some pro
inflammatory components, which in turn, will no longer block the Irs1 phosphorylation®-*!.

We did not identify any alterations at the protein expression levels of AKT and AMPK, proteins that are
indicative of the functioning of this pathway; however, it is worth mentioning that these animals did not receive
any type of stimulus, such as insulin, for example, that would stimulate these signaling pathways and phos-
phorylation of these molecules®, which may explain the absence of alteration in the phosphorylation of these
proteins. It is also worth to mention that we intentionally did not add insulin treatment in this work, alongside
with Cap treatment, so that we can observe the main effects caused only by the Cap. However, future studies
combining Cap and insulin treatments are warranted.

In addition to LTs, other lipid mediators, adipokines and/or hormones important for establishing the patho-
physiology of T1D were evaluated. Therefore, we have evaluated the production of the main adipokines in the
plasma of our mice groups. Studies have identified that patients with T1D may have high concentrations of TGs
and NEFA, among other adipokines, which can be harmful to the pathophysiology of T1D**~*. Interestingly,
we observed that 129sve 5LO~~ T1D mice had increased concentrations of both TGs and NEFA, and the treat-
ment with Cap contributed to the reduction of NEFA only in the plasma of these mice. Leptin and resistin are
hormones related to appetite control*~*. An interesting finding was that T1D mice, regardless of Cap treat-
ment, had reduced plasma levels of these hormones. In T1D, weight loss is a common feature; related to this, we
observed that our T1D mice had a reduced amount of adipose tissue, which may explain the decreased plasma
levels of these two hormones, which are produced by this tissue®®>". It is also noteworthy that one common side
effect of T1D is polyphagia, due to the lack of keep and process the nutrients from the diet in a proper manner,
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which is linked with the impaired role of insulin and also due to the action of leptin and resistin, involved in
appetite regulation®>>.

Decreased plasma levels of adiponectin in 129sve 5LO~~ T1D mice were observed regardless of Cap treat-
ment. Lower concentrations of this adipokine may be related to insulin resistance®**. Treatment with Cap in
129sve 5LO~'~ T1D mice was not sufficient to recover the plasma levels of this adipokine. However, further
studies are necessary, given the synergy between adiponectin, leptin, and adipokines, to influence the response
to insulin; thus, these hormones should not be analyzed individually. Another hypothesis that may explain these
results is that both adiponectin and leptinare produced by adipose tissue®. Therefore, we must consider the fact
that T1D mice lost significant body weight and body fat, which was more notable in the 129sve 5LO~~ mice,
and which may explain the low levels of above adipokines.

There is a potential link between RAS and LTs, as during inflammatory responses, not only pro inflammatory
cytokines are produced and released, but also some lipidic mediators, such as LTs. This is a positive feedback, as
during an inflammatory response, which can have the participation and action of some RAS components, trig-
gers immune and local cells to produce IL6, and TNFa for example, which lead to the action of cells membrane
phospholipases that cleaves arachidonic acid, that will be affected by the action of lipoxygenases, releasing LTs,
which in turn can stimulate the production and release of these pro inflammatory cytokines®”*%.

Regarding the RAS pathway and its role in T1D metabolic impairments, we observed increased Agt expres-
sion, in both muscle and liver from T1D mice, and Cap treatment presented a main role over this effect, however,
this increased expression seems to be independent of the presence of LTs, since the expression of this gene was
similar for both 129sve and 129sve 5LO~~ mice. Interestingly, a similar pattern for AtI (responsible for encod-
ing the receptor that binds to Ang II) expression was observed in the muscle, regardless of the presence of LTs,
however, the same did not apply to the liver of 129sve 5LO~'~ mice, indicating a possible role of LTs in the liver
regarding Atl expression.

As Cap inhibits the conversion of Ang I to Ang II, we would expect some decrease in the expression of these
genes but blocking ACE may alternatively activate other pathways that lead to the production of Ang II**%. How-
ever, the increased gene expression of RAS related markers in the groups treated with Cap can also be explained
by a positive feedback mechanism, since the conversion of Agt into Ang II is being blocked by the action of Cap
on ACE, not representing exactly the increase of these components at a protein level.

Autophagy is an important process of cellular homeostasis during periods of cellular stress, in addition to
assisting in the recycling processes of organelles and other components present in the cytoplasm, that could
be harmful for the cell®! which, when impaired, is associated with some metabolic changes involving the lipid
accumulation, impaired insulin activity and endoplasmic reticulum (ER) stress, among other dysfunctions®®!,
for example in the liver tissue®?, whereas in muscle the same pattern is observed in an opposite way, through a
activated autophagy process®®, therefore, depending on the tissue, the increase or decrease in autophagic activity
can be beneficial or harmful to the tissue. In diabetic patients, increased autophagy markers has been reported®
and it is known that when the autophagy process is impaired, it could be also linked with the establishment of
insulin resistance, thus participating in the chronicity of the hyperglycemia in those patients®®>%¢, We observed
that, in 129sve 5LO~'~ T1D mice, there was a decrease in the expression of Atgl12 and LC3, indicating that the
presence of LTs can interfere with the function of this pathway.

There is a relationship between RAS products and autophagy through the activation of the AT1 receptor via
Ang II. However, the function triggered by this activation depends on the cell type involved, which reinforces
the need for more studies understanding the molecular mechanisms involved in these processes®’. The way in
which the RAS and the autophagy process occur has already been demonstrated in studies involving other cell
types, mainly endothelial, neuronal, and cardiac cells, however the relationship between these processes in other
metabolically active tissues, such as muscle and liver, still requires investigation to understand the role of RAS
and autophagy in these tissues, during the onset of T1D%-72,

It is worth mentioning that when autophagy is activated in excess or is reduced, it can lead to complica-
tions and therefore, the increased expression observed for some of these genes in the 129sve 5LO~~ T1D mice
that received the Cap treatment does not necessarily indicate harmful activity of this pathway. Furthermore,
the expression of these genes in the muscle of 129 sve 5LO~~ mice was lower when compared to the levels of
129sve mice. In muscle, in some cases, we observed increased gene expression of autophagy markers in T1D
mice, which was different from what we observed in the muscle; moreover, activation of this pathway occurs
independently of LTs.

Conclusions

Our results indicate that ACE inhibition (Captopril treatment) affects the main metabolic signaling pathways
in both muscle and liver from T1D mice, and that LTs impair these pathways in this disease. Nevertheless, Cap
treatment rescued the expression of markers of the RAS, insulin signaling and autophagy pathways, indicating a
potential role of Cap to overcome some of LTs metabolic effects in T1D. A better understanding of interactions
among these molecular pathways, and the role of Cap, may lead to developing potential therapeutic targets inT1D.

Material and methods

Research design

To address the main hypothesis of our study, we have used a total of 8 mice groups, containing 129sve and 129sve
5LO"7, with or without captopril treatment and with or without T1D. During the onset of diabetes and before we
euthanized the mice, we have measured some metabolic parameters, such as blood glucose levels, body weight
gain, and insulin tolerance tests, to further confirm not only that the T1D induction was successful, but also to
evaluate if the absence of leukotrienes and captopril intervention would help to maintain these parameters or
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ameliorate some of these characteristics (decreased body weight, increased glucose levels and insulin tolerance).
After the euthanasia, we have collected plasma, muscle, and liver to evaluate the effects of leukotrienes and
captopril in the plasma insulin levels, followed by some adipokines that are important to the metabolic profile
of the mice, and are generally altered during T1D, plus being linked to cardiopathies—a side effect of T1D, and
also a common target of ACE inhibitors treatment”*~’®. Then we have evaluated at both gene and protein levels
the expression of the main markers of renin-angiotensin system, insulin and autophagy signaling pathways,
as we have previously observed that they crosstalk and are involved with the metabolic profile of these target
tissues”’, but in this study we would like to evaluate the role of leukotrienes in the regulation of these pathways
during T1D. The detailed information of the methodology mentioned in this research design topic is available
in the next subsections.

Mouse studies

8-week-old, male, 129sve and 129sve 5LO~~ mice were used for this study, being housed in a controlled envi-
ronment according to the Ethical Committee on Animal Use (CEUA) guidelines, with food restriction periods
due to the STZ treatment. The T1D induction on mice was performed after a fasting period of 5 h prior to the
intraperitoneal (i.p.) injection of STZ (ChemCruz® U-9889, lot F1816) (65 mg/kg diluted in 0.1 M citrate buffer,
pH4.5) during 5 consecutive days; after 1 h of STZ administration, the food availability was restored. To consider
the efficacy of our T1D chemical inducing protocol, mice glycemia was measured and mice presenting glycemia
greater than 300 mg/dL (OneTouch' Select Simple™) after 10 days from the last STZ dose were considered dia-
betic. Citrate buffer was administrated in mice from the control groups. The Cap treatment (30 mg/kg diluted
in drinking water) was performed daily by gavage for 4 weeks and started after the glycemia measurement on
the 15th day. This study was approved and performed in accordance with the guidelines of CEUA—Institute of
Biomedical Sciences (ICB) of the University of Sdo Paulo (USP) (CEUA no. CEUA 7465081118), the Brazilian
National Council for the Control of Animal Experimentation (CONCEA). Mice samples were further collected
at the end of the STZ/Cap protocol and analyzed at plasma, gene, and protein levels at Texas Tech University.
We have selected the 5LO—/— T1D mice as our group have previously shown that LTs are important on T1D
parameters such as insulin resistance and inflammation”®%, but we did not elucidated the role of LTs in other
related pathways such as autophagy, as well as the potential benefits of captopril treatment in restoring the evalu-
ated parameters, which are potentially impaired due to the presence of LTs. All procedures were performed in
accordance with the ARRIVE guidelines.

Insulin tolerance test (ITT)
Mice were fasted for 6 h, followed by an i.p. administration of insulin (0.75 IU/kg). After that, the blood glucose
was measured (OneTouch’ Select Simple™) from the tail vein by an interval of every 30 min, for 2 h.

Gene expression

Muscle and liver RNA was isolated with RNeasy mini kit (Qiagen, Valencia, CA, USA), followed by the cDNA
synthesis by iScript reverse transcription supermix (BioRad, Hercules, CA, USA). Real-time quantitative poly-
merase chain reaction (RT-qPCR) using SYBR Green Master Mix (BioRad, Hercules, CA, USA) was performed
to analyze the gene expression of the main targets from RAS, insulin signaling and autophagy pathways. The
expression of target genes was normalized by 18S housekeeping gene. The Supplementary Table 1 shows the
primers sequences used for this study.

Western blotting

For the protein analysis, we have performed the Bradford protein assay (Bio-Rad, Hercules, CA, USA) to quantify
the muscle and liver protein concentration. After the total protein quantification, 10% SDS-PAGE was conducted
and the proteins on each gel were transferred overnight to a Polyvinylidene Difluoride (PVDF) membrane (Mil-
lipore, Burlington, MA, USA). The membranes were incubated on the next day with the primary antibodies with
constant shaking at 4 °C overnight. The day after the primary antibody incubation was followed by an anti-rabbit
secondary antibody (Jackson Immuno Research Laboratories, West Grove, PA, USA) incubation for 1 h, and the
fluorescence detection was captured with the LI-COR Odyssey machine (LI-COR Odyssey CLX, Lincoln, NE,
USA). Rabbit anti- phospho-AKT, phospho-AMPK, phospho-mTOR, LC3, total AKT, total AMPK, total mTOR,
and TBP (housekeeping) were the main targets chosen for the protein expression experiments (Cell Signaling
Technology, Danvers, MA, USA). After revealed the target protein, the membranes were submitted to a stripping
treatment to be re stained with the next antibody against the next target protein.

Triglyceride dosage
Triglyceride Colorimetric Assay Kit (Cayman Chemical, Ann Arbor, MI, USA) was performed according to
manufacturer’s guidelines to quantify the plasma concentration of triglycerides from mice plasma samples.

Non-steroidal fatty acids dosage

Wako NEFA-HR Kit (Wako Pure Chemical Industries, Ltd., Richmond, VA, USA) was performed according to
manufacturer’s guidelines to quantify the plasma concentration of non-steroidal fatty acids from mice plasma
samples.
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Multiplex assay

Luminex XMAP technology Magpix™, Milliplex MAP Mouse Metabolic Hormone Expanded Panel (EMD Mil-
lipore, Billerica, MA, USA, Cat. # MMHE-44K) was used to quantify the plasma concentration of interleukin
6 (IL6), leptin, total insulin, and resistin, while Luminex XMAP technology Magpix"™, Milliplex’ MAP Mouse
Adipokine Magnetic Bead Single Plex Kit (EMD Millipore, Billerica, MA, USA, Cat. #MADPNMAG-70K01)
was used to quantify the adiponectin plasma concentration from mice samples. Multiplex assays were performed
according to the manufacturer’s guidelines.

Statistics

This study has its data analyzed by analysis of variance (ANOVA) followed by Bonferroni post-test using the
GraphPad Prism 6.0 software (La Jolla, CA, USA) and two-tailed p values with 95% confidence intervals were
acquired. The data were represented as the mean + standard error. Values of p <0.05, p <0.01, and p <0.001 were
considered significant, as marked in all the figures with different superscript letters, where shared letters represent
no significance among the groups.

Data availability

The data in this study is available upon reasonable request to the corresponding authors: Joilson O. Martins
(martinsj@usp.br) and Naima Moustaid-Moussa (naima.moustaid-moussa@ttu.edu). In addition, Data avail-
ability repository link: https://figshare.com/s/49bd2a835a6bfba807ab.

Received: 28 September 2023; Accepted: 8 December 2023
Published online: 13 December 2023

References
. Katsarou, A. et al. Type 1 diabetes mellitus. Nat. Rev. Dis. Primers 3(1), 1-17 (2017).
. Hebert, S. L. & Nair, K. S. Protein and energy metabolism in type 1 diabetes. Clin. Nutr. 29(1), 13-17 (2010).
. Gonzalez, C. D. et al. The emerging role of autophagy in the pathophysiology of diabetes mellitus. Autophagy 7(1), 2-11 (2011).
. Tessaro, E. H., Ayala, T. S. & Martins, J. O. Lipid mediators are critical in resolving inflammation: A review of the emerging roles
of eicosanoids in diabetes mellitus. Biomed. Res. Int. 2015, 568408 (2015).
. Peters-Golden, M. & Henderson, W. R. Jr. Leukotrienes. N. Engl. J. Med. 357(18), 1841-1854 (2007).
6. Filgueiras, L. R, Serezani, C. H. & Jancar, S. Leukotriene B4 as a potential therapeutic target for the treatment of metabolic disor-
ders. Front. Immunol. 6, 515 (2015).
7. Spite, M. et al. Deficiency of the leukotriene B4 receptor, BLT-1, protects against systemic insulin resistance in diet-induced obesity.
J. Immunol. 187(4), 1942-1949 (2011).
8. Li, P. et al. LTB4 promotes insulin resistance in obese mice by acting on macrophages, hepatocytes and myocytes. Nat. Med. 21(3),
239-247 (2015).
9. Folco, G. et al. Leukotrienes in cardiovascular diseases. Am. J. Respir. Crit. Care Med. 161(1), S112-S116 (2000).
10. Poeckel, D. & Funk, C. D. The 5-lipoxygenase/leukotriene pathway in preclinical models of cardiovascular disease. Cardiovasc.
Res. 86(2), 243-253 (2010).
11. Crosslin, D. R. et al. Genetic effects in the leukotriene biosynthesis pathway and association with atherosclerosis. Hum. Genet.
125(2), 217-229 (2009).
12. Kerola, A. M. et al. Case fatality of patients with type 1 diabetes after myocardial infarction. Diabetes Care 45(7), 1657-1665 (2022).
13. Rawshani, A. et al. Mortality and cardiovascular disease in type 1 and type 2 diabetes. N. Engl. J. Med. 376(15), 1407-1418 (2017).
14. Unger, T. The role of the renin-angiotensin system in the development of cardiovascular disease. Am. J. Cardiol. 89(2), 3-9 (2002).
15. Schmieder, R. E. et al. Renin-angiotensin system and cardiovascular risk. Lancet 369(9568), 1208-1219 (2007).
16. Fyhrquist, F. & Saijonmaa, O. Renin-angiotensin system revisited. J. Intern. Med. 264(3), 224-236 (2008).
17. Miguel-Carrasco, J. L. et al. Captopril reduces cardiac inflammatory markers in spontaneously hypertensive rats by inactivation
of NF-kB. J. Inflamm. 7(1), 1-9 (2010).
18. Chatterjee, K., Rouleau, J.-L. & Parmley, W. W. Haemodynamic and myocardial metabolic effects of captopril in chronic heart
failure. Heart 47(3), 233-238 (1982).
19. Newman, T.]. et al. Effects of captopril on survival in patients with heart failure. Am. J. Med. 84(3), 140-144 (1988).
20. McFarlane, S. I, Kumar, A. & Sowers, ]. R. Mechanisms by which angiotensin-converting enzyme inhibitors prevent diabetes and
cardiovascular disease. Am. J. Cardiol. 91(12), 30-37 (2003).
21. Putnam, K. et al. The renin-angiotensin system: A target of and contributor to dyslipidemias, altered glucose homeostasis, and
hypertension of the metabolic syndrome. Am. J. Physiol.-Heart Circ. Physiol. 302(6), H1219-H1230 (2012).
22. de Kloet, A. D, Krause, E. G. & Woods, S. C. The renin angiotensin system and the metabolic syndrome. Physiol. Behav. 100(5),
525-534 (2010).
23. Saha, S. et al. Autophagy in health and disease: A comprehensive review. Biomed. Pharmacother. 104, 485-495 (2018).
24. Schiattarella, G. G. & Hill, J. A. Therapeutic targeting of autophagy in cardiovascular disease. . Mol. Cell. Cardiol. 95, 86-93 (2016).
25. Menikdiwela, K. R. et al. Autophagy in metabolic syndrome: Breaking the wheel by targeting the renin-angiotensin system. Cell
Death Dis. 11(2), 1-17 (2020).
26. Porrello, E. R. & Delbridge, L. M. Cardiomyocyte autophagy is regulated by angiotensin II type 1 and type 2 receptors. Autophagy
5(8), 1215-1216 (2009).
27. Tsai, L. et al. Impaired ex vivo leukotriene B4 production characterizes the metabolic syndrome and is improved after weight
reduction. J. Clin. Endocrinol. Metab. 92(12), 4747-4752 (2007).
28. Lecube, A. et al. Phagocytic activity is impaired in type 2 diabetes mellitus and increases after metabolic improvement. PloS one
6(8), 23366 (2011).
29. Nejatian, N. et al. 5-Lipoxygenase (ALOX5): Genetic susceptibility to type 2 diabetes and vitamin D effects on monocytes. J. Steroid
Biochem. Mol. Biol. 187, 52-57 (2019).
30. Neves, J. A.]. et al. Increased leukotriene B4 plasma concentration in type 2 diabetes individuals with cardiovascular autonomic
neuropathy. Diabetol. Metab. Syndr. 12(1), 1-5 (2020).
31. Yuwanda, K. et al. High leukotriene B4 serum levels increase risk of painful diabetic neuropathy among type 2 diabetes mellitus
patients. Egypt. J. Neurol. Psychiatry Neurosurg. 57(1), 1-5 (2021).
32. Qi, H. Y. et al. A cytosolic phospholipase A2-initiated lipid mediator pathway induces autophagy in macrophages. J. Immunol.
187(10), 5286-5292 (2011).

O S

12

Scientific Reports |

(2023) 13:22105 | https://doi.org/10.1038/s41598-023-49449-8 nature portfolio


https://figshare.com/s/49bd2a835a6bfba807ab

www.nature.com/scientificreports/

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

47.

48.

49.

50.
51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

76.

. Guimaraes, ].P.T. et al. Leukotriene involvement in the insulin receptor pathway and macrophage profiles in muscles from type 1
diabetic mice. Mediat. Inflamm. 2019 (2019).

Jauch, K. W. et al. Captopril enhances insulin responsiveness of forearm muscle tissue in non-insulin-dependent diabetes mellitus.
Eur. J. Clin. Invest. 17(5), 448-454 (1987).

Lithell, H. O., Pollare, T. & Berne, C. Insulin sensitivity in newly detected hypertensive patients: Influence of captopril and other
antihypertensive agents on insulin sensitivity and related biological parameters. J. Cardiovasc. Pharmacol. 15, $46-52 (1990).
Ferriere, M. et al. Captopril and insulin sensitivity. Ann. Intern. Med. 102(1), 134-135 (1985).

Donnelly, R. Angiotensin-converting enzyme inhibitors and insulin sensitivity: Metabolic effects in hypertension, diabetes, and
heart failure. J. Cardiovasc. Pharmacol. 20, S38-44 (1992).

Draznin, B. Molecular mechanisms of insulin resistance: Serine phosphorylation of insulin receptor substrate-1 and increased
expression of p85alpha: The two sides of a coin. Diabetes 55(8), 2392-2397 (2006).

Sepehri, Z. et al. Atorvastatin, losartan and captopril lead to upregulation of TGF-beta, and downregulation of IL-6 in coronary
artery disease and hypertension. PLoS One 11(12), 0168312 (2016).

Miguel-Carrasco, J. L. et al. Captopril reduces cardiac inflammatory markers in spontaneously hypertensive rats by inactivation
of NF-kB. J. Inflamm. (Lond) 7, 21 (2010).

Touyz, R. M. et al. Increased inflammatory biomarkers in hypertensive type 2 diabetic patients: Improvement after angiotensin II
type 1 receptor blockade. J. Am. Soc. Hypertens. 1(3), 189-199 (2007).

Cleland, S. et al. Insulin resistance in type 1 diabetes: What is ‘double diabetes’ and what are the risks?. Diabetologia 56(7),
1462-1470 (2013).

Kershnar, A. K. ef al. Lipid abnormalities are prevalent in youth with type 1 and type 2 diabetes: The SEARCH for Diabetes in
Youth Study. J. Pediatr. 149(3), 314-319 (2006).

Hadjadj, S. et al. Serum triglycerides are a predictive factor for the development and the progression of renal and retinal complica-
tions in patients with type 1 diabetes. Diabetes Metab. 30(1), 43-51 (2004).

Williams, K. V. et al. Can clinical factors estimate insulin resistance in type 1 diabetes?. Diabetes 49(4), 626-632 (2000).

. Davis, S. N., Fowler, S. & Costa, E. Hypoglycemic counterregulatory responses differ between men and women with type 1 diabetes.
Diabetes 49(1), 65-72 (2000).

Yadav, V. K. et al. A serotonin-dependent mechanism explains the leptin regulation of bone mass, appetite, and energy expenditure.
Cell 138(5), 976-989 (2009).

Zieba, D., Biernat, W. & Bar¢, J. Roles of leptin and resistin in metabolism, reproduction, and leptin resistance. Domest. Anim.
Endocrinol. 73, 106472 (2020).

Stepieni, M. et al. Serum concentrations of adiponectin, leptin, resistin, ghrelin and insulin and their association with obesity
indices in obese normo-and hypertensive patients-pilot study. Archiv. Med. Sci. 8(3), 431-436 (2012).

Klein, S. et al. Adipose tissue leptin production and plasma leptin kinetics in humans. Diabetes 45(7), 984-987 (1996).
Qatanani, M. et al. Macrophage-derived human resistin exacerbates adipose tissue inflammation and insulin resistance in mice.
J. Clin. Invest. 119(3), 531-539 (2009).

Havel, P. J. Role of adipose tissue in body-weight regulation: Mechanisms regulating leptin production and energy balance. Proc.
Nutr. Soc. 59(3), 359-371 (2000).

Agarwal, R, Rout, P. & Singh, S. Leptin: A Biomolecule for Enhancing Livestock Productivity (2009).

Mojiminiyi, O. et al. Adiponectin, insulin resistance and clinical expression of the metabolic syndrome in patients with type 2
diabetes. Int. J. Obes. 31(2), 213-220 (2007).

Kadowaki, T. et al. Adiponectin and adiponectin receptors in insulin resistance, diabetes, and the metabolic syndrome. J. Clin.
Invest. 116(7), 1784-1792 (2006).

Hoffstedt, J. et al. Adipose tissue adiponectin production and adiponectin serum concentration in human obesity and insulin
resistance. J. Clin. Endocrinol. Metab. 89(3), 1391-1396 (2004).

Marchesi, C., Paradis, P. & Schiffrin, E. L. Role of the renin-angiotensin system in vascular inflammation. Trends Pharmacol. Sci.
29(7), 367-374 (2008).

Ranjbar, R. et al. The potential therapeutic use of renin-angiotensin system inhibitors in the treatment of inflammatory diseases.
J. Cell Physiol. 234(3), 2277-2295 (2019).

Becari, C., Oliveira, E. B. D. & Salgado, M. C. D. O. Alternative pathways for angiotensin II generation in the cardiovascular system.
Braz. J. Med. Biol. Res. 44, 914-919 (2011).

Ferrario, C. M. et al. Advances in the renin angiotensin system: Focus on angiotensin-converting enzyme 2 and angiotensin-(1-7).
In Advances in Pharmacology 197-233 (Elsevier, 2010).

Yu, L., Chen, Y. & Tooze, S. A. Autophagy pathway: Cellular and molecular mechanisms. Autophagy 14(2), 207-215 (2018).
Yang, L. et al. Defective hepatic autophagy in obesity promotes ER stress and causes insulin resistance. Cell Metab. 11(6), 467-478
(2010).

Zhang, N. et al. Autophagy regulates insulin resistance following endoplasmic reticulum stress in diabetes. J. Physiol. Biochem.
71(2), 319-327 (2015).

Shi, L. et al. Dihydromyricetin improves skeletal muscle insulin resistance by inducing autophagy via the AMPK signaling pathway.
Mol. Cell. Endocrinol. 409, 92-102 (2015).

Alers, S. et al. Role of AMPK-mTOR-Ulk1/2 in the regulation of autophagy: Cross talk, shortcuts, and feedbacks. Mol. Cell. Biol.
32(1), 2-11 (2012).

Barlow, A. D. & Thomas, D. C. Autophagy in diabetes: p-cell dysfunction, insulin resistance, and complications. DNA Cell Biol.
34(4), 252-260 (2015).

Porrello, E. R. et al. Angiotensin II type 2 receptor antagonizes angiotensin II type 1 receptor-mediated cardiomyocyte autophagy.
Hypertension 53(6), 1032-1040 (2009).

Dai, D. E. et al. Mitochondrial oxidative stress mediates angiotensin II-induced cardiac hypertrophy and Galphaq overexpression-
induced heart failure. Circ. Res. 108(7), 837-846 (2011).

Lin, L. et al. Mas receptor mediates cardioprotection of angiotensin-(1-7) against Angiotensin II-induced cardiomyocyte autophagy
and cardiac remodelling through inhibition of oxidative stress. J. Cell Mol. Med. 20(1), 48-57 (2016).

Mao, N. et al. Ginsenoside Rgl inhibits angiotensin II-induced podocyte autophagy via AMPK/mTOR/PI3K pathway. Cell Biol.
Int. 40(8), 917-925 (2016).

Chen, F. et al. Autophagy protects against senescence and apoptosis via the RAS-mitochondria in high-glucose-induced endothelial
cells. Cell Physiol. Biochem. 33(4), 1058-1074 (2014).

Jiang, T. et al. Angiotensin-(1-7) inhibits autophagy in the brain of spontaneously hypertensive rats. Pharmacol. Res. 71, 61-68
(2013).

Pham, M. N. et al. Serum adipokines as biomarkers of beta-cell function in patients with type 1 diabetes: Positive association with
leptin and resistin and negative association with adiponectin. Diabetes Metab. Res. Rev. 29(2), 166-170 (2013).

Kim, W. K. et al. The latest insights into adipokines in diabetes. J. Clin. Med. 8(11), 3 (2019).

. Boudina, S. & Abel, E. D. Diabetic cardiomyopathy, causes and effects. Rev. Endocr. Metab. Disord. 11(1), 31-39 (2010).

Frati, G. et al. An overview of the inflammatory signalling mechanisms in the myocardium underlying the development of diabetic
cardiomyopathy. Cardiovasc. Res. 113(4), 378-388 (2017).

Scientific Reports |

(2023) 13:22105 | https://doi.org/10.1038/s41598-023-49449-8 nature portfolio



www.nature.com/scientificreports/

77. Guimaraes, J. P. T. et al. Effects of captopril on glucose metabolism and autophagy in liver and muscle from mice with type 1
diabetes and diet-induced obesity. Biochim. Biophys. Acta Mol. Basis Dis. 1868(10), 166477 (2022).

78. Guimaraes, J. P. T. et al. Leukotriene involvement in the insulin receptor pathway and macrophage profiles in muscles from type
1 diabetic mice. Mediators Inflamm. 2019, 4596127 (2019).

79. Santos-Bezerra, D. P. et al. Leukotriene pathway activation associates with poor glycemic control and with cardiovascular autonomic
neuropathy in type 1 diabetes. Mediators Inflamm. 2020, 5704713 (2020).

80. Filgueiras, L. R. et al. Leukotriene B4-mediated sterile inflammation promotes susceptibility to sepsis in a mouse model of type 1
diabetes. Sci. Signal 8(361), ral0 (2015).

Author contributions

J.PT.G,, S.J., N.M.M and J.O.M. conceived and designed the experiments. J.PT.G., L.A.D.Q, T.R., and N.P. con-
ducted the experiments. ] PT.G., S.J., KR.M., N.M.M. and ]J.O.M. worked on data analysis. S.J., N.M.M. and
J.O.M. contributed with reagents/materials/analysis tools. ] PT.G., S.J., N.M.M. and ].O.M. worked on this manu-
script writing with the help and approval of all the co-authors.

Funding

The authors are grateful to the experimental and technical expertise from Marlise Bonetti Agostinho Montes,
Silene Migliorini and Shane Scoggin. The authors were supported by the following grants: AHA award
#13GRNT15690000, a SPRINT award (co-funded by Texas Tech University and the Sao Paulo Research Foun-
dation, FAPESP); 2017/11540-7, 2018/50004-6, 2018/23266-0, 2019/09983-3, 2020/03175-0, and 2022/00482-4
grants from FAPESP, Sao Paulo, Brazil, National Council for Scientific and Technological Development (CNPq:
310993/2020-2) and Coordination for the Improvement of Higher Education Personnel (CAPES).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-49449-8.

Correspondence and requests for materials should be addressed to N.M.-M. or ].O.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:22105 | https://doi.org/10.1038/s41598-023-49449-8 nature portfolio


https://doi.org/10.1038/s41598-023-49449-8
https://doi.org/10.1038/s41598-023-49449-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The role of captopril in leukotriene deficient type 1 diabetic mice
	Results
	Metabolic profile of 129sve and 129sve 5LO−− mice treated or not with captopril
	Insulin-related parameters of 129sve and 129sve 5LO−− mice treated or not with captopril
	Plasma levels of adipokines from 129 and 129sve 5LO−− mice treated or not with captopril
	Captopril effects over the gene expression of RAS markers in the muscle from 129 and 129sve 5LO−− mice
	Captopril effects over the gene expression of RAS markers in the liver from 129 and 129sve 5LO−− mice
	Captopril effects over the gene expression of the insulin signaling markers in the muscle from 129 and 129sve 5LO−− mice
	Captopril effects over the gene expression of the insulin signaling markers in the liver from 129 and 129sve 5LO−− mice
	Captopril effects over the gene expression of the autophagy markers in the muscle from 129 and 129sve 5LO−− mice
	Captopril effects over the gene expression of the autophagy markers in the liver from 129 and 129sve 5LO−− mice

	Discussion
	Conclusions
	Material and methods
	Research design
	Mouse studies
	Insulin tolerance test (ITT)
	Gene expression
	Western blotting
	Triglyceride dosage
	Non-steroidal fatty acids dosage
	Multiplex assay
	Statistics

	References


