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Sacubitril/valsartan
ameliorates cardiac function
and ventricular remodeling

in CHF rats via the inhibition
of the tryptophan/kynurenine
metabolism and inflammation

Jiali Gan'3, Yuli Wang™3, Yun Deng?, Jiaqi Zhang?, Shuangcui Wang?, Xijuan Jiang?,
Maojuan Guo** & Lili Song?**

Sacubitril/valsartan has been highly recognized as a treatment for Chronic heart failure (CHF). Its
potential cardioprotective benefits and mechanisms, however, remain to be explored. Metabolomics
can be used to identify the metabolic characteristics and related markers, as well as the influence

of drugs, thereby opening up the new mechanism for sacubitril/valsartan therapy in CHF disease.

In this study, the ligation of left anterior descending and exhaustive swimming were used to induce
arat model of CHF after myocardial infarction. The efficacy was appraised with echocardiography,
serum NT-proBNP, and histopathologica. UPLC-Q/TOF-MS combined with multivariate statistical
analysis approach were used to analyze the effect of sacubitril/valsartan on CHF rats. RT-qPCR

and western blot were performed to investigate the tryptophan/kynurenine metabolism pathway.
Accordingly, the basal cardiac function were increased, while the serum NT-proBNP and collagen
volume fraction decreased in CHF rats with sacubitril/valsartan. Sacubitril/valsartan regulated the
expression of kynurenine et.al 8 metabolomic biomarkers in CHF rats serum, and it contributed to the
cardioprotective effects through tryptophan metabolism pathway. In addition, the mRNA and protein
expression of the indoleamine 2,3-dioxygenase (IDO) in the myocardial tissue of CHF rats, were down-
regulated by sacubitril/valsartan, which was the same with the IL-1pB, IFN-y, TNF-a, COX-2, and IL-6
mMRNA expression, and IL-1B, IFN-y, and TNF-a expression in serum. In conclusion, sacubitril/valsartan
can ameliorate cardiac function and ventricular remodeling in CHF rats, at least in part through
inhibition of tryptophan/kynurenine metabolism.

Worldwide, Cardiovascular Diseases (CVDs) are the major cause of morbidity and mortality'. Chronic heart
failure (CHF) is the culmination of an array of CVDs, and the high morbidity is still persistent®. Although sig-
nificant efforts have been made to treat and manage CHE mortality and hospitalization have continued almost
unabated?®. Therefore, the identification of novel therapeutic targets that improve the cardiac function in CHF
remains a major priority.

As we known, the pathophysiology of CHF is characterized by activating both the Sympathetic Nervous
System (SNS) and Natriuretic Peptides (NPs). Sacubitril/valsartan, recently, a neprilysin inhibitor and angioten-
sin receptor blocker, it has been confirmed that, can ameliorate cardiac function and myocardial remodeling?*,
significantly decrease mortality and hospitalizations of CHF patients’, and effectively prevent sudden cardiac
death and progressive heart failure®. The latest guidelines for treating CHF in Europe and the USA support the
use of sacubitril/valsartan’. In fact, CHF is a multifactor interaction network, in addition to the activation of
neurohormonal systems, which is accompanied by immune inflammation and metabolic cross-talk®. Therefore,
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in addition to regulating neurohormonal systems, it is necessary to determine the other cardioprotective mecha-
nisms of sacubitril/valsartan.

Metabolomics, which involves detecting metabolites in biofluids, cells, and tissues, is routinely used to find
biomarkers. It can provide insight into the mechanisms that underlie disease processes and physiological con-
ditions by detecting subtle changes in cellular pathways, widely used for the related research of cardiovascular
disease’. The study of metabolomics has provided an insight into the metabolic changes that occur in CHE and it
has been a means of identifying new CVDs biomarkers'’, which is helpful to clarify the metabolic perturbation of
the medicine on the body and formulate personalized treatment strategies. Therefore, on the basis of exact protec-
tive effect of sacubitril/valsartan in CHF rats, we used UPLC-Q/TOF-MS to analyse the metabolic characteristics
and inflammatory relationship and to clarify the new protective mechanism of sacubitril/valsartan in CHF rats.

Materials and methods

Animals, chemicals, and reagents

A total of 36, 7 ~ 8 week-old adult male Sprague-Dawley (SD) rats (body weight: 210 ~ 230 g) were provided by
the Beijing vitalriver Laboratory Animal Technology (Beijing, China). The Ethics Committee for the Laboratory
Animals at Tianjin University of Traditional Chinese Medicine approved the study. Sacubitril/valsartan was
obtained from Beijing Novartis Pharma Ltd. (Beijing, China). Isoflurane was from Shanghai Yuyan Instruments
Co.,Ltd. (Shanghai, China). The organic solvents used were obtained from Sigma-Aldrich (USA) and were of
HPLC-grade.

Animals models and experiment protocol.

The rats were kept in a specific pathogen-free environment with a temperature of 20 + 2°C, a relative humidity
of 50% * 5%, and a light/dark cycle of 12/12 h. Free access to food and water was provided for animals. All rats
were acclimatized for a week before the surgery. The rat model of post-myocardial infarction CHF was induced
by left anterior descending (LAD) and exhaustive swimming'". Isoflurane inhalation anesthesia (4% induction
concentration and 2% maintainance concentration, 2L/min)!%2. The LAD was sutured 1 ~2 mm below the left
atrium using a needle holder, and then ligated. After ligation of the LAD, the left lower end would become
pale, which indicated that the operation was successful. Sham group rats were only threaded without ligation.
Thermal support was provided throughout the surgery procedure. Three days after surgery, all rats began an
exhaustive swimming regimen. The water temperature was maintained at 21 + 1°C. In the exhaustive swimming
tese, the rats sank into the water for more than 5 s and sank again after being pull out, which was repeated three
times. Individual variations may dictate how many minutes each rat for exhaustive swimming test should last,
but it should not surpass 30 min to ensure consistency and avoid any potential negative effects. The exhaustive
swimming lasted for 4 weeks. The cardiac function of all rats was appraised with echocardiography. The left
ventricular ejection fraction (LVEF) <45% met the inclusion criteria. There were three groups, including sham,
model, and sacubitril/valsartan (S) groups, n=9. In 2 ml of distilled water, 2.3 mg powder of sacubitril/valsartan
was dissolved to make a concentration of 1.15 mg/ml drug solution. S group rats received 2 ml/d drug solution
via oral gavage, sham and model group rats respectively received equal volume of distilled water at the same
time, which lasted for 4 weeks.

Echocardiography

Under isoflurane-induced general anesthesia, an echocardiography was performed via the VisualSonics Vevo
3100 ( FUJIFILM VisualSonics, American) system. In order to record left ventricular activity, B-mode and
M-mode ultrasound images were collected from MX201 (15MHz) ultrasound probes. The cardiac function
parameters were recorded. The average value of each parameter was taken after three consecutive cardiac cycles.
The LVEF and left ventricular diameter shortening rate (LVFES) were calculated by teichholz.

Histopathology analysis of cardiac tissue.

After measuring their body weights (BWs), all rats were euthanized by cervical dislocation, which meets animal
ethics. Open the chest, and remove the whole heart. Histopathological assessment of cardiac tissue was performed
on rat hearts fixed in 4% PFA for at least 72 h. Myocardial infarction tissue below the ligation site was selected for
cutting into slices. The histologic sections were stained with hematoxylin & eosin (H&E) and Masson trichrome
and observed under an inverted microscope (Leica, Germany). The total area of collagen in the central muscle
tissue of the Masson section (expressed in pixel units) and the collagen volume fraction (CVF) of the myocardium
were measured and calculated by Image J image analysis software. CVF calculation formula: CVF =total area of
myocardial collagen/total area of myocardium.

Enzyme-linked immunosorbent assay

The serum was separated from the blood. The ELISA (Jiyinmei, Wuhan, China) was performed to determine the
serum levels of IL-1p, IL-6, TNF-a, and N-terminal pro-B-type natriuretic protein (NT-proBNP). Operation
steps followed manufacturers instructions.

Serum sample collection and preparation.

The whole blood was collected from the femoral artery after euthanasia. After centrifuging the serum for 10 min
at 3,500 rpm at 4 °C, the serum was collected and stored at -80 °C for metabonomic analysis. Before UPLC-Q/
TOF-MS, 100 ul of serum was mixed with 300 pl of cold acetonitrile and vortexed vigorously for 30 s. Injecting
the supernatant into the instrument after centrifuging the mixture for 20 min at 4 °C, 13,000 rpm.
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UPLC-Q/TOF-MS

In order to observe the metabolic effects after pharmacological intervention for CHF rats was undertaken with
sacubitril/valsartan, UPLC-Q/TOF-MS, an untargeted metabolic analysis, was used. Separation was performed
with the Waters ACQUITY HSS T3 system (2.1 mm x 100 mm, 1.8 um). The mobile phase consisted of solvent
A (0.1% formic acid-water) and solvent B (0.1% formic acid—acetonitrile ). The conditions were as follows: flow
rate of the mobile phase: 0.3 ml/minute, gradient elution: 0-0.5 min, 99% A; 0.5-2 min, 99-50% A; 2-10 min,
50-1% A; 10.5-15 min, 1-99%A, column temperature: 45 +1°C, injection volume: 5 pl. MS analysis was per-
formed on a hybrid quadrupole-time-of-flight (Q-TOF) mass spectrometer (Wates Xevo G2 Q-TOF MS systems,
USA), and equipped with an electrospray ionization (ESI) source. Ion source temperature of 120°C, desolvation
temperature of 300°C, cone gas flow of 50 L/h, and desolvation gas flow of 300 L/h, capillary voltage of 1.0 kV, the
range of relative molecular mass is 50-1200m/z. Mass spectra was obtained in positive and negative ion modes,
respectively. The data was collected and processed by Masslynx V4.1.

Multivariate statistical analysis.

The raw data was exported from Masslynx v4.1 workstation. For the purpose of normalizing the absolute concen-
tration of metabolites, the data were corrected by peak matching, peak alignment, and peak area normalization.
Retention time (tR)-m/z datasets were used to characterize the detected ions. In the SIMCA-P 14.1 software
package, each tR-m/z variable’s intensity was normalized and imported for principal component analysis (PCA)
and partial leastsquares-discriminant analysis (PLS-DA). PCA was used to evaluate the clustering characteristics
of Sham, Model and S groups, and PLS-DA can reflect the differences between the groups to the greatest extent.
Based on the potential biomarkers of CHF rats, the relative contents of metabolic markers were compared. The
metabolic markers with callback trend were extracted as potential targets with sacubitril/valsartan treatment,
which were enriched into metabolic pathways via the MetaboAnalyst 5.0 website.

Real-time quantitative polymerase chain reaction.

Following the manufacturer’s instructions, TriQuick reagent (Solarbio, China) was used to extracte the total
RNA from myocardial tissue of left ventricular anterior wall. The reverse transcription kit (TTANGEN, China)
was used to produce cDNA from 1 pg total RNA. Ultra SYBR color gPCR Master Mix (Comwin, China) was
used for real-time quantitative polymerase chain reaction analysis. The housekeeping gene GAPDH was used
to normalize the expression of the relative genes. The relative expression of the sample gene was calculated by
dividing the target gene by the reference gene using the equations: ACt (sample) = Ct (target) - Ct (reference);
relative quantity =2-ACt. The experiments were repeated triplicatly, n=>5.

Western blotting analysis.

A phosphatase inhibitor (Solarbio) was used to extract proteins from cardiac tissue using RIPA lysis buffer
(Solarbio, Beijing, China). The BCA protein assay (Thermo Fisher Scientific, American) was used to determine
soluble protein concentrations. SDS-PAGE gel (Solarbio) was used to separate 20 pg proteins. Polyvinylidene
difluoride membranes (Millipore, American) contained the protein bands. The western blots were cut prior to
hybridisation with the primary antibody during the imprinting process. The primary antibody, IDO (sc-53978,
Santa Cruz, American), was incubated overnight at 4°C after being blocked for 4 h with blocking buffer (5%
skimmed milk, 150 mM NaCl, 20 mM Tris HCI, 0.05% Tween-20, and pH 7.6). Incubate the secondary antibodies
(ABCAM), labeled with horseradish peroxidase, for 2 h at room temperature. Image J was used to analyze the
densitometric differences between the bands, when they were visualized by chemiluminescence (ECL, Millipore).

Statistics analysis.

The data was analyzed by IBM SPSS 21.0 software, and was shown as means + standard deviation when was under
normal distribution, and the one-way ANOVA was used to compare the differences between groups. The LSD
test was used when the variance was uniform; while the variance was not uniform, Dunnett’ T3 test was used to
compare the difference. The difference was statistically significant when P <0.05 was used. The statistical graphs
were drawn by Graphpad prism 7.

Ethical approval

All methods and procedures for the study were performed in accordance with ARRIVE guidelines. Approval
was granted by the Ethics Committee of Tianjin University of Traditional Chinese Medicine Ethics Committee
on Laboratory Animals (No.TCM-LAEC2020101). All methods were carried out in accordance with relevant
guidelines and regulations.

Results

Sacubitril/valsartan Ameliorates cardiac function and left ventricular remodeling in CHF rats
Our experiment results indicate that the rat model of post-MI CHF was established by ligation of the LAD and
exhaustive swimming (Fig.S.1 and Tab.S.1). After 4 weeks of sacubitril/valsartan treatment, echocardiography
was performed to assess cardiac function. Compared with the CHF model group, sacubitril/valsartan elevated
significantly LVEF and LVFS (P <0.05), and reduced significantly LVID; S (P <0.05) (Fig. 1a and Tab.S.2). NT-
proBNP was remarkably decreased with sacubitril/valsartan(S) group versus CHF model group (P <0.01) (Fig. 1b
and Tab.S.2). The general view showed that the left ventricle of the heart of CHF rats was gray white and inelastic
with sclerosed tissue attached to it. The heart volume of sacubitril/valsartan group was smaller versus CHF model
group, and the area of gray white and inelastic scar-tissue on the front wall of left ventricle was reduced (Fig. 1c).
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Figure 1. Sacubitril/valsartan inhibits left ventricular remodeling and ameliorates cardiac function in CHF rats.
(a) M-mode echocardiographyand cardiac function parameters. LVID;s, Left ventricular internal diameter of
systole; LVEF, Left ventricular ejection fraction; LVFS, Left ventricular fractional shortening. (b) NT-proBNP

in serum. (c) General view of heart. (d) HE stain image. (e) Masson stain image. (f) CVE Collagen volume
fraction. Compaerd with Sham group, **P <0.01, compared witah CHF model group, ##P <0.01, #P <0.05.

HE and Masson staining of the cardiac tissue section also confirmed that sacubitril/valsartan significantly attenu-
ated cardiac injury and fibrosis (Fig. 1d and e). Furthermore, Masson staining showed that sacubitril/valsartan
substantially reduced collagen volume fraction (CVF) (P <0.05) (Fig. 1f and Tab.S.2). Together, these results
suggest that sacubitril/valsartan inhibits left ventricular remodeling, attenuates cardiac fibrosis, and ameliorates
systolic and diastolic function in CHF rats.

Serum untargeted metabolic profiles analysis

Effect of Sacubitril/valsartan on serum metabolic profile in CHF rats.

After four weeks with sacubitril/valsartan, different serum metabolites were analysed in CHF rats in order to
shed further light on metabolic profiling. Based on rats serum chromatogram with base peak intensity (BPI), ESI
positive (ESI+) and negative (ESI-) were measured. As is shown in Fig. 2, the (tR)-m/z of the chromatographic
peaks is basically consistent, the baseline is stable, and the separation is good.

Multivariate statistical analysis was carried out with SIMCA-P software. An unsupervised PCA demonstrated
that, compared to the sham group, the CHF model group displayed different metabolic profiles. With the OPLS-
DA, a supervised pattern recognition technology, metabolic changes in the CHF model group was compared
with those in the sham group, which could aid in biomarker discovery. According to the S-plots, there was a
significantly greater separation between the sham group and the CHF model group due to the ions farther from
the origin, and the ions may be considered as the distinguishing metabolites of CHF rats. The S-plots, the VIP
value (VIP > 1) from the OPLS-DA analysis, and the t-test (P <0.05) could then be combined to identify the
corresponding metabolites. We have been reported that 22 metabolic markers of CHF rats in the journal of
Prostaglandins Other Lipid Mediat (Wang S et al., Shengmai Yin formula exerts cardioprotective effects on rats
with chronic heart failure via regulating Linoleic Acid metabolism. Prostaglandins Other Lipid Mediat. 2022
Feb;158:106,608.https://doi.org/10.1016/j.prostaglandins.2021.106608.).

In order to observe the effect of sacubitril/valsartan on serum metabolism in CHF rats, the data from the
Sham, Model, and S groups were analysed by the PCA and the PLS-DA. The positive mode parameters are
R2Y =0.859, Q2=0.433, and the negative mode parameters are R2Y =0.889, Q2 =0.538, indicating that the
interpretation rate and prediction ability of the three groups of PLS-DA models are also good (Tab. S.3). The
PCA shows that they have a certain discrete trend. The metabolic trend of CHF model group rats is far away
from the sham group, and the sacubitril/valsartan group rats tend to be close to the sham group (Fig. 3), which
indicates that sacubitril/valsartan can interfere with the metabolism of CHF rats, and make them becoming
more metabolically normal.
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Figure 2. BPI of the rat serum in the ESI positive (ESI+) and negative (ESI-) mode. (a) BPI in ESI+mode of
Sham group. (b) BPI in ESI+mode of Model group; (c) BPI in ESI+mode of S group. (d) BPI in ESI- mode of
Sham group. (e) BPI in ESI- mode of Model group. (f) BPI in ESI- mode of S group.

Metabolic pathway analysis of sacubitril/valsartan for the treatment of CHF rats

Compared the relative contents of 22 metabolic markers, 8 metabolic markers exhibited a callback effect
in the sacubitril/valsartan group, including 8-Hydroxyguanine, Cervonoyl ethanolamide, LysoPC(22:6),
B-Guanidinopropionic acid, Kynurenine, Tryptophan, Proline betaine, and Threonine (Fig. 4a). The metabolic
pathway enrichment analysis and metabolite topology analysis of identified metabolites were through the Meta-
boAnalyst 5.0 website (https://www.metaboanalyst.ca). An overview of the pathway analysis is shown in Fig. 4b
and Tab.S.4. All pathways that matched in the pathway analysis are included. According to the pathway enrich-
ment analysis, those pathways are arranged by p-value on the Y-axis, and pathway impact values are on the
X-axis from pathway topology analysis. In addition, according to the p-value, the node color is graded, and the
node size is in line with the path influence value. Therefore, many metabolic pathways including tryptophan
metabolism, glycine, serine and threonine metabolism, glycerophospholipid metabolism, valine, leucine and
isoleucine biosynthesis, and aminoacyl-tRNA biosynthesis are significantly affected. Among them, the trypto-
phan metabolism is most significant, -log(p) = 1.7402, impact = 0.23722. These findings suggest that sacubitril/
valsartan for the treatment of CHF rats is related with tryptophan metabolism, its metabolic pathway diagram
is shown in Fig. 4c. It is exciting, kynurenine and tryptophan belong to the tryptophan metabolism pathway.

Effects of sacubitril/valsartan on IDO and related inflammation inducing factors

IDO is the first key rate-limiting enzyme in the tryptophan metabolic pathway, which promotes tryptophan cat-
abolizing into kynurenine. The results show that, compared with the CHF model group, the mRNA and protein
levels of IDO in sacubitril/valsartan (S) group were significantly downregulated (P <0.05) (Fig. 5a and b). It is
suggested that sacubitril/valsartan inhibits the IDO of myocardial tissue in CHF rats.

The inflammatory factors induce the activation of IDO, such as IFN-y, TNF-q, IL-1f, IL-6 and COX-2, our
results also surpport it. Compared with the Sham group, the mRNA levels of IL-1f, IFN-y, TNF-a, IL-6, and
COX-2 were significantly increased in the CHF model group (P <0.01). The mRNA expression levels of the above
inflammatory factors were significantly downregulated after sacubitril/valsartan treatment (P <0.01, P <0.05)
(Fig. 5¢). In addition, sacubitril/valsartan significantly decreased the serum levels of IL-1p, IFN-y, and TNF-a in
CHEF rats (P <0.01, P <0.05) (Fig. 5d). These results show that the expression of inflammatory factors in serum
and myocardial tissue mRNA levels have a consistent trend, which indicates that sacubitril/valsartan can attenu-
ate the inflammatory response in CHF rats.
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Discussion

Chronic heart failure(CHF) involves an insufficient supply of oxygen to tissues and organs, as well as a decrease
in cardiac output. It is often accompanied by cardiac dysfunction and insufficient ejection fraction clinically.
CHEF is a complex condition, and no single indicator can adequately describe all of the changes that occur as a
result’®. In this study, we used both echocardiography and NT-proBNP to characterize cardiac function, and
histopathology is used to assess the area of myocardial infarction (MI) size and myocardial fibrosis. LVEF <45%
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Figure 4. Metabolic pathway analysis of sacubitril/valsartan for the treatment of CHF rats. (a) Relative levels
of 8 metabolic markers. Compared with Sham group, *P <0.01, **P <0.05; Compared with CHF model group,
##P <0.01, #P <0.05. (b) Metabolic Pathway Analysis Map. (c) Schematic diagram of the Tryptophan pathway.
Over 95% of tryptophan are metabolized to kynurenine via indoleamine-2,3-dioxygenase (IDO) or tryptophan-
2,3-dioxygenase (TDO), and several metabolites are generated downstream of the pathway. The remaining
fraction of tryptophan (<5%) is used for protein synthesis, and the production of neurotransmitters (serotonin)
and neuromodulators (tryptamine).

is inclusion criteria, a significant reduction in the overall cardiac function in CHF model rats. Moreover, NT-
proBNP, as a response to wall stress, is secreted the ventricular myocardium, and it is a widely used biomarker,
diagnosis and prognosis of heart failure'*. In CHF model rats, NT-proBNP is above the normal range , which is
consistent with the fact. The scar area was calculated by using the morphological and morphometric data. In the
CHF model rats, myocardial infarction and fibrosis were significant. It is clear that this is a true animal model of
CHE, despite the absence of descricbtions about expiratory dyspnea, lung rales, or beat rhythms.
Sacubitril/valsartan is a widely used medication for the treatment of heart failure and is commonly referred to
as a new generation ARNI (angiotensin receptor-neprilysin inhibitor)'®. There are two components in the drug,
valsartan and sacubitril. As an angiotensin II receptor antagonist, valsartan can reduce cardiac workload and
improve the function of the heart by blocking the detrimental effects of angiotensin II on the heart and blood
vessels'®. Sacubitril, on the other hand, a neutral endopeptidase inhibitor, prevents the breakdown of natriuretic
peptides, which increases in their levels and ultimately provides a cardioprotective effect'”. Many researchs rein-
force the robust clinical benefits of sacubitril/valsartan in CHF. Our results suggest that sacubitril/valsartan has
a protective effect on CHF rats. The findings of other studies, support the key role that sacubitril/valsartan plays in
the reduction of collagen deposition in infarcted areas, as well as the development of compensatory hypertrophy
in non-infarcted areas, and eventually improves cardiac structure and function in myocardial infarction rats'*2.
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Figure 5. Effects of sacubitril/valsartan on IDO and its related inflammation inducing factors. (a) The mRNA
level of IDO in myocardial tissue. (b)The protein level of IDO in myocardial tissue. (c) The mRNA level of
inflammatory factors in myocardial tissue. (d) The level of inflammatory factors in serum. Compared with sham

group, **P <0.01, **P <0.05, compared with model group, ##P <0.01, #P <0.05.

The strong role of sacubitril/valsartan in the treatment of other diseases has also been confirmed. There are some
data on the beneficial effects of sacubitril/valsartan for a patient’s diabetes mellitus status, irrespective of haemo-
globin (Hb) Alc concentration?!. It is also beneficial for renal function, by reducing the serum creatinine??, and
for Alzheimer’s disease, by interfering with amyloid f homeostasis®. In addition, there is preclinical evidence
indicating that sacubitril/valsartan has a significant improvement in doxorubicin-induced cardiotoxic heart
failure. Specifically, sacubitril/valsartan reduces the levels of TNF-a, IL-1B, IL-6, and NT-proBNP in doxorubicin-
induced cardiotoxic mice?*. In another clinical case report, sacubitril/valsartan was shown to effectively treat
doxorubicin-induced cardiomyopathy®. Similarly, empagliflozin, an inhibitor of sodium-glucose cotransporter
2 (SGLT-2), showed cardioprotective effects in mice exposed to doxorubicin-induced cardiotoxicity. It is done
by regulating NLRP3 and MyD88-related pathways, reducing inflammation and fibrosis®. It is also important
to note that empagliflozin reduces hospitalization and cardiovascular deaths among patients with heart failure?.
These findings suggest new therapeutic options for patients with anthracycline-induced heart failure.

Due to the complexity of the drug itself and the endogenous environment of the body, in spite of the obvious
biological plausibility of the effects sacubitril/valsartan’s effects on NPs and RAAS in CHE, it cannot be explained
fully how it is able to exert such beneficial clinical effects. Therefore, it is necessary to conduct further studies,
from multiple perspectives, to explain protective the effects of sacubitril/valsartan. It has been revealed that CHF
is universally linked to an abnormal metabolism, regardless of the etiology and symptoms®®. Therefore, keeping
the metabolic regulation stable is a new treatment of CHE. However, there are only a few studies on sacubitril/
valsartan, from a metabolomics perspective. In this study, we studied UPLC-Q/TOF-MS metabolic profiles of
CHEF rats and identified the metabolic pathways associated with sacubitril/valsartan in rats with CHF. Finally,
we used molecular biology techniques to give a preliminary insight into the relationship between sacubitril/
valsartan interference in the metabolism and inflammation of CHF rats.

Impaired tryptophan metabolism occurs in CHF, although the underlying mechanisms remain unclear. IDO
is the first rate-limiting enzymes of the degradation of kynurenine by tryptophan in extrahepatic tissues®. There
are two isoforms of IDO, IDO1 and IDO2, of which IDO1 is the major one controling tryptophan degradation™®.
When the immune system is activated, for example, inflammation, it can enhance the kynurenine pathway by
triggering the rate-limiting enzymes IDO?!. It has been reported IDO is a marker for significant coronary artery
disease, its activation correlated with the extent and severity of the disease®’. A Mendelian Randomization study
had reported that IDO1 might be a potential therapeutic target for ischemic heart disease, which means IDO1
also plays an important role in heart disease in humans®. According to reports, IFN-stimulated response ele-
ments (ISREs) and IFN-activated sites (GASs) are found in the promoters of the IDO gene in mammals®, so
IFN-y is a strong inducer of IDO*. In addition, other cytokines (TNF-a, IL-1p, and IL-6) are also able to induce
IDO activation, although to a much lesser extent®. Surprisingly, quinolinic acid, the downstream product of the
tryptophan metabolism pathway, could promote the synthesis of inducible nitric oxide synthase (iNOS)*¢. Under
the action of INOS, arginine produced less NO and more superoxide radical (O*"). O*~ and 3-Hydroxyanthranilic
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acid enhance lipid peroxidation and promote arachidonic acid to produce prostaglandin E (PGE) and leukot-
rienes (LT) under the action of COX-2 and 5-LOX, respectively, which triggers an inflammatory response. It
indicates that there is a cross-talk between Trp/Kyn metabolism and inflammatory response. Schiattarella GG
suggests that metabolic disturbances and inflammation are prevalent in HFpEF®, while Li Z et al. propose that
an important role is played by metabolic remodeling and chronic inflammation in CHF and its complications™.
It is therefore traceable.

As confirmed, NLRP3 expression levels increase in the early stages of ventricular remodeling after myocardial
infarction®®. Subsequently, NLRP3 combines with a caspase-recruitment domain (ASC) to recruit and activate
caspase-1, promoting the maturation and release of IL-13*. The release of IL-1f recruits inflammatory cells and
mediators to the site of myocardial injury, such as IL-6 and TNF-a, which initiates and amplifies the inflamma-
tory process and accelerating myocardial cell death, ultimately leading to adverse remodeling of the ventricular
tissue and the development of heart failure®. In this study, the elevation of the inflammation markers, such
as IL-1f, INF-y, and TNF-a, suggests that the CHF model is highly immune-activated. There is still a visible
inflammatory state present in CHF even though it is in later period.It may be due to the interaction between the
RAAS and immune activation, the increase in monocytes, as well as matrix metalloproteinases stimulating in the
generation of pro-inflammatory collagen*'. Fortunately, sacubitril/valsartan can inhibit the accumulation of ROS
and decrease NLRP3 expression*”. Also, it can downregulate the expression levels of pro-caspase-1, pro-IL-1p, and
pro-IL-18, and inhibit the release of IL-Ip and IL- 1842, Consistently, in this study, sacubitril/valsartan was found
to markedly decrease the levels of inflammatory factors IL-1p, INF-y, and TNF-a in rats with CHF model. It is
due to its inhibition of Ang II type 1 receptor activity, inhibition of bradykinin degradation by neprilysin, and
inhibition of the inflammatory response. Even studies suggest that sacubitril/valsartan can reduce inflammation
and fibrosis in the heart by directly decreasing the production and release of IL-1p*.

In fact, the CHF model actually raises serum tryptophan by 45% and kynurenine by 125% in this study. Dur-
ing CHE, stress enhances catecholamine levels, which may lead to the release of fatty acids-bound tryptophan
from serum albumin*. When tryptophan oxidation exceeds renal handling, such as after robust induction of
TDO and IDO or loading with tryptophan or kynurenine, serum kynurenine can increase®. The greatly elevated
kynurenine in the present study could be the result of a combination of these potential changes. As a result of
inhibiting IDO induction, sacubitril/valsartan partially reversed tryptophan and kynurenine elevations. The
unexpected tryptophan elevation cannot be explained, except by TDO inhibition.There is currently no clear
understanding of sacubitril/valsartan’s potential effects on tryptophan metabolism, it is a distinct possibility. In
addition, valsartan is 95% bound to albumin and may very well displace tryptophan from binding sites which
could lead to increased entry of free tryptophan into cardiac and other tissues thereby stimulating its flux
through the kynurenine pathway*. A lack of more information on the impact of immune disturbances in CHF
on tryptophan metabolism along the kynurenine pathway, indicating a need for further research of the role of
tryptophan metabolism in the pathophysiology and therapy of the disease.

Our experimental results indicate that sacubitril/valsartan inhibits IDO in myocardial tissue and it inhibits
the metabolism of tryptophan to kynurenine, as well as inflammatory. Surprisingly, tryptophan/kynurenine
metabolism is related to the inflammatory response*»*. In summary, sacubitril/valsartan may modulate the
cross-talk between tryptophan/kynurenine metabolism and the inflammatory response in vivo (Fig. 6). On
the basis of the original inhibition of RAAS and the activation of NPs, sacubitril/valsartan can also regulate the
metabolism of CHF rats in vivo, and it can have a therapeutic effect of 1 +1>2.

Conclusion
Sacubitril/valsartan can ameliorate cardiac function and ventricular remodeling in CHF rats, at least in part
through inhibiting the tryptophan/kynurenine metabolism and inflammation.
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