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Abstract

Respiratory infection can be exacerbated by the high glucose concentration in the airway

surface liquid (ASL). We investigated the effects of salbutamol and phlorizin on the pulmo-

nary function, oxidative stress levels and SGLT1 activity in lung, pulmonary histopatholog-

ical damages and survival rates of rats with sepsis. Sepsis was induced by cecal ligation

and puncture surgery (CLP). Twenty-four hours after surgery, CLP rats were intranasally

treated with saline, salbutamol or phlorizin. After 2 hours, animals were anesthetized and

sacrificed. Sepsis promoted atelectasis and bronchial inflammation, and led to increased

expression of SGLT1 on cytoplasm of pneumocytes. Salbutamol treatment reduced bron-

chial inflammation and promoted hyperinsuflation in CLP rats. The interferon-γ and Interleu-

cin-1β concentrations in bronchoalveolar lavage (BAL) were closely related to the bronchial

inflammation regulation. Salbutamol stimulated SGLT1 in plasma membrane; whereas,

phlorizin promoted the increase of SGLT1 in cytoplasm. Phlorizin reduced catalase activity

and induced a significant decrease in the survival rate of CLP rats. Taken together, sepsis

promoted atelectasis and lung inflammation, which can be associated with SGLT1 inhibition.

The loss of function of SGLT1 by phlorizin are related to the augmented disease severity,

increased atelectasis, bronchial inflammation and a significant reduction of survival rate of

CLP rats. Alternatively salbutamol reduced BAL inflammatory cytokines, bronchial inflam-

mation, atelectasis, and airway damage in sepsis. These data suggest that this selective

β2-adrenergic agonist may protect lung of septic acute effects.
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Introduction

Sepsis is a serious clinical condition that represents a response to a severe infection that may

lead to multiple organs damage and acute lung injury [1]. In severe sepsis a poor prognosis

with high mortality rates is achieved when one or more organs are affected [2, 3]. The lung is

the most vulnerable organ during sepsis. The acute respiratory distress syndrome (ARDS)

occurs in 25% to 50% of patients with sepsis [4]. Considering the high mortality rate in patients

with ARDS, the identification of therapeutic platforms that are innovative, safe and effective

are crucial for successful sepsis treatment [5].

Severe sepsis induces massive infiltration of inflammatory cells and an increase of thiobar-

bituric acid reactive substances (TBARS) levels in lung. Caspase-mediated oxidative stress

leads to lung apoptosis in severe lung injury by sepsis [6]. Sepsis, among other complications,

promotes ventilatory dysfunction [7] as well as impairment on the cardiorespiratory responses

to chemoreflex activation in awake rats [8]. These changes are associated with the increase of

inflammatory cytokines in bronchoalveolar lavage (BAL) as interferon (IFN)-gamma, Inter-

leucin-1β, interleukin-6 and tumor necrosis factor alpha (TNF-alpha) [9], and its inflamma-

tory balance is related to the severity and mortality of murine sepsis [9].

The β-2 adrenergic agonists have been described as efficient treatment for airway inflam-

mation. Salbutamol activates β-2 adrenergic receptors and inhibits inflammatory genes in sev-

eral tissues [10]. The stimulation of SGLT1-mediated sodium-dependent glucose transport

activity in type I and type II pneumocytes with isoproterenol, a non-selective beta-adrenergic

agonist, reduced glucose concentration in airway surface liquid (ASL). Glucose is removed

from ASL through SGLT1-mediated secondary active sodium-coupled transport, suggesting

an imperative role of SGLT1 protein in bacterial proliferation [11]. However, despite the clear

demonstration of cAMP-PKA pathway activation through enhancement of SGLT1-mediated

glucose transport, the capacity of salbutamol (a selective β2-adrenergic agonist) to modulate

SGLT1 protein has never been investigated in lung and other tissues.

In contrast, the intranasal administration of phlorizin, an inhibitor of SGLT1 cotranspor-

ters, increased glucose concentration in ASL under normoglycemic and hyperglycemic condi-

tions [11]. Although the relationship between phlorizin effects and bacterial proliferation was

well characterized [11], the phlorizin effects in lung to modulate histopathological damages,

oxidative stress and survival rate were not considered in sepsis. Thus, the aims of the present

study were to investigate the lungs of rats with sepsis under intranasal treatments with phlori-

zin or salbutamol, mainly observing: i) histopathological damages; ii) inflammatory cytokines

in BAL; iii) oxidative stress; iv) the SGLT1 protein localization in alveolar cells; and v) acute

survival rate.

Methods

Animal procedures

The research staff received special training in animal care or handling by CBEA/PROPP/UFU.

All animal procedures were approved by the Ethics Committee for Animal Research of the

Federal University of Uberlandia (Approval No. 45/2015).

The cecal ligation and puncture surgery (CLP) was performed in male Wistar rats (weigh-

ing ~ 260g) to trigger sepsis-induced lung injury. To CLP procedures, rats were anesthetized

by an intraperitoneal injection of ketamine (90 mg/kg) and xylasine (10 mg/kg). Rats under-

went an aseptic midline laparotomy, and the portion of the cecum was exteriorized and placed

outside of the abdominal cavity. The cecum was partially ligated using a 4.0 silk tie, perforated

nine times with a 22-gauge needle and then gently squeezed to extrude a small amount of feces
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from the perforation. The cecum was returned into the abdominal cavity and the laparotomy

was closed using a 4.0 silk sutures. Sham animals underwent the same procedure; however,

cecum was not ligated and perforated [9]. Animals were caged and allowed free access to water

and standard rodent chow diet (Nuvilab CR-1; Nuvital, Curitiba, Brazil). The animals were

observed for twenty-four hours after surgery. Animals were kept in dorsal recumbence

throughout the experimental procedures. Body temperature was maintained at 37.5 ± 1.5˚C

with a heating blanket. Sham and CLP rats were studied 24 hours after sepsis induction.

To demonstrate the effects of β2-adrenergic agonist, CLP rats received salbutamol (0.15

mg/kg; 100 μL; CLP-salb). For inhibition of SGLT1 activity, CLP rats were submitted to phlori-

zin (10-3 M; 100 μL; CLP-phlo), whereas saline 0.9% was used as a control (vehicle; 100 μL;

CLP-sal). Sham rats received saline 0.9% (vehicle; 100 μL; Sham). All treatments were per-

formed intranasally two hours before sample collection, using a micropipette, and under anes-

thesia (ketamine (90 mg/kg) and xylasine (10 mg/kg), intraperitoneally). Bronchoalveolar

lavage and lungs were obtained from anesthetized rats. All efforts were made to minimize ani-

mal suffering.

The methods were carried out in accordance with the approved guidelines. We considered

humane endpoint with specific criteria: 1) in the cases of ruffled fur and ocular discharge is

indicated careful monitoring; and 2) in cases of ataxia, tremor and cyanosis is indicated eutha-

nasia. However, probably due to the short period of sepsis, it was not necessary to perform

euthanasia in animals.

Bronchoalveolar lavage (BAL) collection

Under anesthesia, the trachea was accessed, and a 19-gauge needle was gently inserted into the

trachea. One milliliter of physiological saline was slowly injected, and gentle aspirations were

performed to collect ~300 μL of bronchoalveolar lavage (BAL). The BAL was immediately

stored in nitrogen and later at -20˚C for further analysis. For the inflammatory cytokines eval-

uation, BAL was centrifuged at 1,000 rpm at 4 ˚C. Finally, the left ventricle was sectioned,

lungs were exsanguinated and collected for further analyses.

Histopathological analysis of lung

Histopathological analyses of lung samples were performed by hematoxylin-eosin staining.

The trachea was clamped at end-expiration of bronchoalveolar lavage (BAL). Lungs were

removed en bloc and abdominal aorta and vena cava were sectioned to quickly kill the animal

by exsanguination. To preserve pulmonary architecture, the lower and middle lobes of the

right lung were fixed with 4% formaldehyde in phosphate buffer (PB) prior to paraffin inclu-

sion. Lung sections were deparaffinized in xylol/xylene and rehydrated with a graded series of

ethanol. To evaluate histopathological patterns, tissues were cut into 5-μm sections for hema-

toxylin-eosin (HE) [11]. Lungs were examined by light microscope (Leica ICC50). Photomi-

crographs at magnifications of x400 were obtained from non-overlapping fields per section.

Airway damage was quantified using a scoring system protocol [12]. Briefly, scores of 0 to 4

were used to represent the severity of atelectasis and bronchial inflammation with 0 standing

for no effect and 4 for maximum severity effect. To represent scores of inflation, score 1 was

used to hypoinsuflation, score 2 to normoinsuflation and score 3 to hyperinsuflation. Hyperin-

flation was characterized by large-volume gas-exchanging air spaces (structures with morphol-

ogy distinct associated with alveoli higher than 120 μm) [12, 13]. Furthermore, the extent of

each scored characteristic per field was stated with a scale between 0 to 4, with 0 standing for

no visible evidence and 4 for complete involvement per field (quadrants). Specific scores to

atelectasis, bronchial inflammation and inflation were calculated as the product of severity and
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extent of each feature. The cumulative airway damage score was calculated as the sum of each

score characteristic (atelectasis, bronchial inflammation and inflation).

Survival rate

To analyze the effect of salbutamol and phlorizin on the survival rates of septic rats, were

recorded every hour until the endpoint at 26 h.

Immunofluorescence analysis

The high lobe of the right lung was fixed in 4% formaldehyde phosphate buffer (PB) followed

by cryoprotection in increasing sucrose solutions (10%, 20% and 30%) in PB. Seven-μm-thick

sections were placed on gelatin-coated slides (Sigma Chem. Co., St Louis, USA), and subjected

to immunodetection using anti-rat SGLT1 antibody (1:100, Merck Milipore, Germany, catalog

number 07–1417), followed by incubation with Alexa Fluor 488 (1:150, Molecular Probes,

Eugene, Oregon, USA, catalog number A21441). F-actin staining was performed with rhoda-

min-phalloidin (1:200, Molecular Probes, Merck Milipore, Germany, catalog number R415).

After washings, tissue sections were coverslipped and analyzed in LSM 510 Meta laser-scan-

ning confocal microscope (Carl Zeiss). The level of SGLT1 protein in the plasma membrane or

in the cytoplasm was quantified using ImageJ software (ImageJ Software, National Institutes of

Health, Bethesda. MD, USA).

Oxidative stress marker analysis

Thiobarbituric acid reactive substances (TBARS) were measured in lower lobes of the right

lung by reacting with malondialdehyde (MDA) and thiobarbituric acid (0.67% TBA). The

organic phase was evaluated with a fluorometer at 515 nm excitation and 553 nm emission.

MDA standard curve allowed quantification of this compound in the samples by linear regres-

sion [14].

Catalase, Superoxide Dismutase (SOD) and Glucose 6-Phosphate

Dehydrogenase Activity (G6PDH) antioxidants activity

The catalase activity of lung tissues was assayed as described previously [15]. Briefly, lung

homogenate was added with H2O2 in 50 mM KP buffer (pH 7.0), and H2O2 decomposition

was monitored at 420 nm. One unit of catalase activity catalyzed the degradation of 1 μmol of

H2O2 per min. Activity of SOD was measured by the inhibition of autoxidation of pyrogallol.

This inhibition occurs in the presence of SOD and was evaluated using a spectrophotometer

at 420 nm. A calibration curve was constructed using SOD as standard. A 50% inhibition of

pyrogallol was defined as one SOD unit (U). The results were calculated as U/mg of protein.

Glucose 6-phosphate dehydrogenase was monitored by the production of NADPH with a con-

sequent increase in absorbance at 340 nm. Readings were performed in microplates, where the

samples were incubated with Tris-HCl buffer (100 mM, pH 7.5), magnesium chloride (MgCl2

2 M), NADP + (0.5 mM), and glucose 6-phosphate (1 mM) [14].

Protein and pro-inflammatory cytokines concentration in BAL

Protein concentration was performed by the Bradford colorimetric method based on the for-

mation of complexes between the dye Coomassie Brilliant Blue with the polypeptide chain.

Five microliters of lung extracts or BAL were placed in a microplate. Absorbance was obtained

with a GENESYS 10S UV-VIS spectrophotometer in a wavelength of 595nm. Enzyme-linked

immunosorbent assay (ELISA) kits were used to measure interferon-γ and Interleucin-1β (BD
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Biosciences, San Jose, CA, USA) in BAL, according to the manufacturer’s protocol. Results

were interpolated from a standard curve using recombinant cytokines (pg/mL).

Statistical analysis

All values are reported as mean ± SEM. Number of animals is described in legends. Compari-

sons of the means were performed by one-way analysis of variance (ANOVA), followed by

mean comparisons through the Student-Newman-Keuls post-test (GraphPad Prism version

7.00 for Windows, GraphPad Software, San Diego, CA, USA). The correlation between mean

values of catalase activity and tidal volume per body weight was analyzed by the Pearson corre-

lation test. Student´s t-tests were performed as appropriate. Survival rates were analyzed by

Chi-square using log-rank (Mantel-Cox) test. Values of P< 0.05 were considered as statisti-

cally significant.

Results

The CLP rats were acutely treated with saline (sal), salbutamol (salb), or phlorizin (phlo); thus,

the following groups were studied: Sham, CLP-sal, CLP-salb and CLP-phlo.

The twenty-four-hour CLP-sal, CLP-salb and CLP-phlo animals did not demonstrated

change body weight (P> 0.05; data not shown).

Effect of sepsis, salbutamol and phlorizin in oxidative stress in lungs

Oxidative stress analyses in lung of rats with sepsis are shown in Fig 1. Lipid peroxidation

(TBARS, Fig 1A) was unchanged in CLP-sal compared to Sham (despite the increase of ~30%,

~45% and ~45% in mean of CLP-sal, CLP-salb and CLP-phlo rats, respectively). Antioxidant

defense systems were analyzed by activity of catalase (Fig 1B), Superoxide Dismutase (SOD)

(Fig 1C), and Glucose 6-Phosphate Dehydrogenase Activity (G6PDH) (Fig 1D) in the lung.

Catalase activity increased in CLP-sal compared to Sham rats (P> 0.05). No change of catalase

levels were observed in CLP-salb (P> 0.05); however, CLP-phlo) presented a significant reduc-

tion in the levels of catalase activity (P< 0.05). Sepsis and treatments had no effect on SOD

(Fig 1C) and G6PDH (Fig 1D) activities in the lung.

Effect of sepsis, salbutamol and phlorizin on subcellular distribution of

SGLT1 protein in the rat lung

Immunodetection of F-actin (red color) and SGLT1 (green color) in pulmonary alveoli is

shown in Fig 2. This figure shows the F-actin immunodetection in pulmonary alveoli of sham,

CLP-sal, CLP-salb and CLP-phlo rats (Fig 2A, 2E, 2I and 2M; respectively), from which the

squared marked alveolar septum was amplified and analyzed for F-actin (Fig 2B, 2F, 2J and

2N) and SGLT1 (Fig 2C, 2G, 2K and 2O), as well as for the merged image (orange to yellow

colors, Fig 2D, 2H, 2L and 2P). In lung alveolar cells of sham rats (Fig 2A to 2D), SGLT1 pro-

tein expression was detected in luminal membrane and in the intracellular region (cytoplasm

as a reserve pool). Sepsis promoted an increase of SGLT1 protein in the intracellular region,

despite the presence of SGLT1 in plasma membrane. The intracellular presence of SGLT1 in

alveolar cells of lung from CLP-sal rats was detected in central part of the cell and near the

plasma membrane (Fig 2E to 2H). The β2-adrenergic agonist salbutamol (Fig 2I to 2L) pro-

moted a strong enhanced expression of SGLT1 content in luminal membrane of alveolar cells.

The co-expression of SGLT1 and F-actin reinforced the salbutamol-induced SGLT1 transloca-

tion, as evinced by the yellow color. Phlorizin treatment blocked the SGLT1 staining in plasma

membrane, suggesting effective inhibition of SGLT1 function, which was associated with
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SGLT1 detection mainly in the intracellular region. The quantified level of SGLT1 protein in

the plasma membrane or in the cytoplasm corroborate these data (Fig 2Q to 2R).

Effects of CLP and salbutamol on alveolar and bronchiolar structures in rats

To determine whether sepsis, salbutamol and phlorizin promoted airway damage in lungs,

lung sections were stained with hematoxylin-eosin (Fig 3A–3H). Scores of atelectasis (Fig 3I),

Fig 1. Oxidative stress in lungs. Lipid peroxidation- thiobarbituric acid reactive substances (TBARS) (A), catalase (B), Superoxide Dismutase (SOD) (C) and Glucose

6-Phosphate Dehydrogenase Activity (G6PDH) (D) were analyzed in lungs of Sham, CLP saline (CLP-sal), CLP salbutamol (CLP-salb) and CLP phlorizin (CLP-phlo)

treated rats. Results are represented as mean ± SEM of 5 animals; �P<0.05 vs Sham; and #P<0.05 vs CLP-sal; &P< 0.05 vs CLP-salb. One-way ANOVA followed by

Student-Newman-Keuls post-test.

https://doi.org/10.1371/journal.pone.0222575.g001
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bronchial inflammation (Fig 3J), inflation (Fig 3L) and airway damage (Fig 3M) were also

showed in Fig 3. The alveolar and bronchiolar structures remained unaltered in Sham rats

without atelectasis and bronchial inflammation. Besides, CLP increased scores of atelectasis

(P< 0.05) and bronchiolar inflammation (P<0.05), but not changed scores of inflation

(P> 0.05). Salbutamol treatment reduced scores of bronchial inflammation (P<0.05) and

increased score of inflation (P<0.05). Besides, salbutamol treatment did not promote changes

in the scores of atelectasis in CLP-sal rats (P> 0.05). Phlorizin treatment increased scores of

atelectasis and bronchial inflammation compared with CLP-sal rats (P< 0.05).

Effect of salbutamol or phlorizin on BAL protein and pro-inflammatory

cytokines concentration of rats with sepsis

Fig 4 shows total protein concentration measured in BAL. Sepsis, salbutamol and phlorizin did

not change (P> 0.05) the BAL total protein concentration in rats. CLP increased levels of BAL

interleucin-1β and interferon-γ than Sham rats (P < 0.05). Besides, salbutamol treatment re-

duced levels of these pro-inflammatory cytokines (P < 0.05) and, alternatively, phlorizin treat-

ment increased scores of BAL interleucin-1β and interferon-γ than CLP-sal rats (P < 0.05).

Effect of phlorizin on survival rate in septic rats

As demonstrated in Fig 5, the survival rates of Sham, CLP-sal and CLP-salb rats were 100%

24h after CLP or simulated surgery. Phlorizin treatment demonstrated to markedly decrease

the survival rates in 1-hour (25 h) and 2-hours (26 h) animals 24 following CLP (P < 0.05).

The Log-rank (Mantel-Cox) test showed Chi-square of 9.167 for phlorizin treated CLP rats

(vs. Sham, CLP-sal and CLP-phlo).

Discussion

The present study indicates that sepsis induces atelectasis, bronchial inflammation and airway

damage. The intranasal salbutamol treatment of lungs in septic rats showed increased of the

SGLT1 expression in luminal membrane of lung alveolar cells, reduction of atelectasis, bron-

chial inflammation and reduction of airway damage, suggesting a potential benefit in ARDS

secondary to sepsis. Besides, our data indicate that intranasal phlorizin treatment, a classical

SGLT cotransporters inhibitor, increased the severity of atelectasis and bronchial inflamma-

tion and inhibited the antioxidant system in lungs of septic rats. Finally, our study unravels

that salbutamol-treated septic patients might restore airway homeostasis by reducing atelecta-

sis and lowering bronchial inflammation. Besides, the therapy of dual SGLTs inhibitors are at

high risk of pulmonary damage.

Sepsis can be experimentally induced by a procedure known as CLP, which mimic human

sepsis [16,17]. Some evidences have reported that acute lung damage secondary to sepsis

increases oxidative stress (MDA contents, reactive oxygen species production) and inflamma-

tion [1, 18]. However, other studies revealed normal levels of oxidative stress in acute

Fig 2. SGLT1 staining in lung tissues. Alveolar structures in lung from Sham (A to D), CLP saline (CLP-sal, E to H),

CLP salbutamol (CLP-salb, I to L) and CLP phlorizin (CLP-phlo, M to P) treated rats. Sections (A, E, I and M) were

immunostained with anti-F-actin antibody (red). White enclosed boxes showing an alveolar septum and alveolar

lumen, taken with a greater resolution, are presented in the next sections: (B, F, J and N) F-Actin (red), (C, G, K and O)

SGLT1 (green) and (D, H, L and P) merged photomicrographs for co-localization of SGLT1 and F-actin (yellow to

orange). White arrows indicate the presence of SGLT1 in the luminal membrane. White asterisks indicate SGLT1 in

cytoplasm. Description: (AL) alveolar lumen of the rat pulmonary section. Magnification, x600, scale bar, 10 μm.

Section Q and R show the protein level in cytoplasm or plasma membrane, respectively. Images are representative of 4

animals in each group.

https://doi.org/10.1371/journal.pone.0222575.g002
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respiratory distress secondary to sepsis [19, 20]. The increased of oxidative stress can stimulate

peroxidase-glutathione and glutathione reductase systems in several territories [21], suggesting

that its increase in the antioxidant system can block the oxidative enzymes. In the present

study, sepsis did not cause changes in the balance (measured by FRAP) between reactive oxy-

gen species (ROS) and antioxidants. However, sepsis promoted increase of catalase activity in

lung tissue, indicating that balance can be maintained due to high levels of this antioxidant

enzyme. Absence of oxidative/antioxidative effect in the salbutamol treatment was also evi-

denced. Other study using CLP rats showed a differential regulation of 8-iso prostaglandin

F2alpha (8-ISO) and superoxide dismutase (SOD), which was corrected by salbutamol treat-

ment [22]. Although these results are different from our present data, further evidences of cat-

alase inhibition by phlorizin suggested that the reasons for this discrepancy of the salbutamol

treatment may be due to the different dose, route of administration, and period of observation

after sepsis induction. Another important difference between our data and those reported else-

where [22] is the type of biochemical investigation to measure the tissue oxidative stress

(8-ISO vs. FRAP). Nevertheless, phlorizin reduced catalase activity in lung of rats with sepsis,

suggesting an additional risk for lung damage development promoted by the oxidative stress

under direct or indirect effects of the inhibitor of SGLT1 co-transporter. To our knowledge,

this is a pioneer study showing oxidative/antioxidative effects of SGLT1 inhibitors in lung.

The correlation of SGLT1 function with ASL glucose concentration and microbial prolifer-

ation is well established in the literature [11]. High levels of SGLT1 in plasma membrane of

alveolar cells by isoproterenol decreases ASL glucose concentration and microbial prolifera-

tion; and conversely, depletion of SGLT1 in plasma membrane by phlorizin increases ASL glu-

cose concentration and microbial proliferation in the lungs of rats [11]. Apparently, the

present study indicates that acute respiratory distress secondary to sepsis maintained SGLT1

protein in the plasma membrane of pulmonary alveolar cells. Considering that pro-inflamma-

tory cytokines, such as IL-1β, could mediate the reduction of SGLT1 insertion in plasma mem-

brane [23], we propose that unchanged SGLT1-mediated alveolar glucose uptake is sustained

by the translocation of SGLT1 via sympathetic nervous system. Bearing in mind that the pro-

inflammatory cytokines produced in the periphery can feedback to the brain, passing through

the blood brain barrier at leaky points, such as organum vasculosum lamina terminalis

(OVLT) and median eminence, the activation of inflammatory receptors in OVLT can stimu-

late sympathetic activity to several tissues [24]. As expected, after a 2-h of phlorizin treatment,

very low levels of SGLT1 in the plasma membrane were observed, which reinforces that glu-

cose transport blockage through SGLT1 was certainly guaranteed [11, 25].

We also demonstrated that salbutamol promoted SGLT1 translocation from the cytoplasm

to plasma membrane of alveolar cells of lungs in septic condition. Although, the effects of β-

adrenergic agonists on SGLT1 translocation has already been described in intestinal cells [26],

and in acinar and ductal cells of salivary glands [27, 28]; the in vivo regulation of salbutamol in

lung SGLT1 co-transporter was unknow. Regarding that, only one study showed effect of

β2-adrenoreceptor agonist (terbutaline) in glucose uptake mediated by SGLT1 translocation

(via cAMP-PKA pathway) in ruminal epithelium of sheep [26]. We already expected a parallel

regulation of salbutamol in lungs of rats with experimental sepsis. However, it is important to

Fig 3. Analyses of lung tissue structure by hematoxylin-eosin staining. Alveolar and bronchiolar structures in lung

from Sham, CLP saline (CLP-sal), CLP salbutamol (CLP-salb) and CLP phlorizin (CLP-phlo) treated rats.

Hematoxylin-eosin stained sections (A-H), Sham (A-B), CLP-sal (C-D), CLP-salb (E-F) and CLP-phlo (G-H)

magnification, x400, and severity of atelectasis (I), bronchial inflammation (J), inflation (L) and airway damage scores

(M); Images are representative of 4–5 animals in each group. Scale bar, 70 μm. �P<0.05 vs Sham; and #P<0.05 vs

CLP-sal; &P< 0.05 vs CLP-salb. One-way ANOVA followed by Student-Newman-Keuls post-test.

https://doi.org/10.1371/journal.pone.0222575.g003
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highlight that the potential benefits of β-adrenoreceptor agonists may also diminish with con-

tinued use since prolonged exposure can result in tolerance [29], indicating the importance of

understanding the effects of several β2-adrenoreceptor agonists in SGLT1 translocation of

lungs.

Histological damage analyses indicate that sepsis induces atelectasis, bronchial inflamma-

tion and airway damage, and corroborate to the expected morphological changes in lung fol-

lowing CLP [30]. Besides, we showed that an SGLT1 inhibitor increased atelectasis and

bronchial inflammation in rats with sepsis, which may play a pivotal role in ARDS. Moreover,

it is important to highlight that the increased severity of atelectasis, bronchial inflammation

and airway damage associated with decreased of the antioxidant system promoted by phlorizin

can be related to the significant decrease in survival rate of CLP rats. Strengthening the results

about the importance of SGLT1, we also showed that treatment with the β2-agonist salbutamol

reduced pulmonary atelectasis and bronchial inflammation. These data are in agreement to

another study that showed reduction in inflammation scoring in histopathological analysis

and serum levels of TNF-α, IL-6, and IL-1β as a result of the administration of salbutamol in

sepsis [30]. The salbutamol effect in the bronchial muscles promotes bronchodilation, thus the

Fig 4. Total protein concentration and pro-inflammatory cytokines in bronchoalveolar lavage. (A) Total protein

concentration, (B) interleucin-1β and (C) interferon-γ was analyzed in BAL from Sham, CLP saline (CLP-sal), CLP

salbutamol (CLP-salb) and CLP phlorizin (CLP-phlo) treated rats. Results are mean ± SEM of 5–6 animals; �P<0.05

vs Sham; and #P<0.05 vs CLP-sal; &P< 0.05 vs CLP-salb; One-way ANOVA followed by Student-Newman-Keuls

post-test.

https://doi.org/10.1371/journal.pone.0222575.g004

Fig 5. Survival analyses. Kaplan-Meier curve was constructed with survival rates of CLP saline (CLP-sal), CLP salbutamol (CLP-salb) and CLP phlorizin (CLP-phlo)

treated rats. Results are represented by mean values of 7–12 animals per group; �P<0.05 vs Sham, CLP-sal and CLP-salb. Chi square = 9,167 using log-rank (Mantel-

Cox) test.

https://doi.org/10.1371/journal.pone.0222575.g005
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inflation effect in CLP-salb than CLP-sal rats was already expected. This increase of SGLT1

could be important to facilitate the influx of glucose/Na+/water into the cells, providing better

conditions to fight against potential inflammation, while decreasing edema of the damaged

area, and facilitating the process of breathing. Besides, the relationship between the increase in

bronchial inflammation and higher pro-inflammatory cytokines (interferon-γ and Interleu-

cin-1β) levels in BAL with decrease in survival rates of phlorizin-treated septic animals are cor-

roborated by previous data that indicates the vital role of inflammatory mediators to the

severity and mortality of murine sepsis [9]. In fact, pro-inflammatory cytokines play an impor-

tant role during sepsis, specially IL-1β. It was demonstrated that a shock septic state can be

induced by IL-1β in rabbits [31]. Also, the defect in the IL-1β production protected mice from

development of shock septic [32]. Considering the effect in the reduction of pro-inflammatory

cytokines under salbutamol treatment, the administration of this β-2 adrenergic agonists

could be important to potentialize the effect of antibiotics in the treatment of sepsis increasing

the prognostic of disease [33]. Salbumatol also reduced the IL-1β production and other pro-

inflammatory cytokines in other tissue [34]. Thus, the present findings open avenues to new

treatments for this devastating condition. The present study could alert to the potential risk of

several pulmonary damages in diabetic patients using dual SGLT1/SGLT2 inhibitors affected

by ARDS secondary to sepsis.

A randomized, doubled-blind placebo-controlled study to examine the safety and tolerabil-

ity of canagliflozin indicated upper respiratory tract infection as adverse effects reported in

over 3% of patients [35]. Federal Drug Administration (FDA) has recently approved canagli-

flozin for use in type 2 diabetes, while directing that a clinical outcome safety trial be under-

taken [36]. Dual SGLT1/SGLT2 inhibitors, such as canagliflozin [37] and LX4211 [38], have

been introduced in the diabetes pharmacopeia; however, bronchial inflammation, airway dam-

age and reduction of survival rate should be considered in patients with sepsis. It is important

to emphasize that the increased risk of diabetic patients in developing sepsis represents around

25% of all sepsis patients. It is important to highlight that the lung effects of phlorizin have not

been described in normoglycemic rats. Recently, in an elegant review study, dual SGLT1/

SGLT2 inhibitors have been described as promising drugs for the treatment of cancer because

SGLT1 and/or SGLT2 are overexpressed in various tumors, where they deliver glucose for

euglycemic glycolysis [39]. The present data suggests that a second generation of dual SGLT1/

SGLT2 inhibitors that do not enter to the blood circulation and specific SGLT2 inhibitors

could reduce side effects due to the expression of SGLT1 in several organs.

In summary, we showed that sepsis induces atelectasis, bronchial/BAL inflammation and

airway damage. Additionally, the salbutamol treatment of septic rats presented increased of

the SGLT1 activity and significant reduction of BAL pro-inflammatory cytokines, bronchial

inflammation, atelectasis, and airway damage, suggesting a potential benefit in ARDS second-

ary to sepsis. Besides, our data indicate that phlorizin increased the severity of atelectasis and

bronchial/BAL inflammation, and reduced the antioxidant system in lungs of septic rats.

Finally, our study unravels benefic effects of salbutamol in ARDS secondary to sepsis.
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18. Gonçalves-de-Albuquerque CF, Medeiros-de-Moraes IM, Oliveira FM, Burth P, Bozza PT, Castro Faria

MV, et al. Omega-9 Oleic Acid Induces Fatty Acid Oxidation and Decreases Organ Dysfunction and

Mortality in Experimental Sepsis. P One. 2016. 11: e0153607; 0153607.

19. Craciun FL, Iskander KN, Chiswick EL, Stepien DM, Henderson JM, Remick DG. Early murine polymi-

crobial sepsis predominantly causes renal injury. Shock. 2014. 41: 97–103. https://doi.org/10.1097/

SHK.0000000000000073 PMID: 24300829

20. Theobaldo MC, Limona F, Petroni RC, Rios EC, Velasco IT, Soriano FG. Hypertonic saline solution

drives neutrophil from bystander organ to infectious site in polymicrobial sepsis: a cecal ligation and

puncture model. Plos One. 2013. 8: e74369. https://doi.org/10.1371/journal.pone.0074369 PMID:

24069301

21. Maritim AC, Sanders RA, Watkins JB3rd. Diabetes, oxidative stress, and antioxidants: a rewiew. J Bio-

chem Mol Toxicol. 2003. 17: 24–38. https://doi.org/10.1002/jbt.10058 PMID: 12616644

22. Demling RH, Seigne P. Metabolic management of patients with severe burns. World J Surg. 2000. 24:

673–680. https://doi.org/10.1007/s002689910109 PMID: 10773119

23. Viñuales C, Gascón S, Barranquero C, Osada J, Rodrı́guez-Yoldi MJ. Inhibitory effects of IL-1β on

galactose intestinal absorption in rabbits. Cell Physiol Biochem. 2012. 30: 173–186. https://doi.org/10.

1159/000339056 PMID: 22759965

24. Banks WA, Kastin AJ, Broadwell RD. Passage of cytokines across the blood-brain barrier. Neuroimmu-

nomod. 1995. 2: 241–248.

25. Melo IS, Santos YMO, Costa MA, Pacheco ALD, Silva NKGT, Cardoso-Sousa L,et al. Inhibition of

sodium glucose cotransporters following status epilepticus induced by intrahippocampal pilocarpine

affects neurodegeneration process in hippocampus. Epilep Beh. 2016. 61: 258–268.
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