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Article 
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Abstract: Our prior studies have shown that B type Natriuretic Peptide (BNP) decreases absorption from the 

gastrointestinal (GI) tract. Since non-muscle myosin-type II (NMM-II) is known to have a role in epithelial tight 

junction regulation, we aimed to test whether BNP has an effect on the localization and expression of NMM-II 

in the intestinal villi. We treated wild type mice with a 10 ng/g intravenous bolus of BNP followed by infusion 

of BNP at 1ng/g/minute vs. vehicle control. The mice were then euthanized and intestinal tissue isolated and 

sectioned. The tissue was immune-stained for NMM-II and examined using fluorescence microscopy. The 

tissue section not treated with antibody to NMM-II was used as a methodological control to evaluate the non-

specific binding. Scanning electron micrographic images were taken to compare structural differences between 

the two groups. Western blotting was performed to compare the regional protein expression of NMM-II and 

associated proteins including smooth muscle actin, kinesin, and E cadherin in small intestinal tissue between 

BNP vs. vehicle infused mice. Fluorescence microscopy revealed markedly increased localization of NMM-II 

at the crypts and core of intestinal villi of the jejunum, ileum and colon of BNP treated mice compared to 

vehicle. Transmission electron microscopy revealed that the microvilli of BNP treated mice assumed the 

distinctive appearance of ‘relaxed’ microvilli compared to vehicle. Such decrease in contractility was 
previously shown to decrease para-cellular permeability of epithelia. Our observation indicates that BNP alters 

the localization of NMM-II in intestinal villi and makes the intestinal villi structures assume a state of decreased 

permeability of the apical junctional complex. Further characterization of this process and understanding the 

specific mediators involved could lead to the identification of novel therapeutic targets for various disease 

states such as heart failure and malabsorption.  

Keywords: non-muscle myosin; BNP; GI epithelia; apical junctional complex; absorption 

 

1. Introduction 

Non-muscle myosins (NMM) are part of the class II myosin isoforms that are widely distributed 

and expressed in eukaryotic cells. In non-muscle cells, NMM type-II (NMM-II) associates with and 

regulates the organization of actin filaments in a manner that is distinct from skeletal muscle 

actomyosin interaction [1–3]. Some of the various functions of such NMM mediated 

mechanotransduction include cytoskeletal tension, cell division, chemotaxsis, polarity, cell motility 

and maintaining of the cell shape [2–7]. NMM-II is also one of several proteins involved in cell 

attachment at the apical junctional complex of epithelia, which includes tight and adherens junctions 

(AJ) and constitutes the adhesive belt that links epithelial cells [8]. More specifically, NMM-II is 

known to localize on the cytoplasmic side of the tight junction in a circumferential ring sometimes 

referred to as the actin belt. NMM-II mediated contraction of this circumferential ring of the tight 

junctions provide one mechanism for the regulation of paracellular permeability of intestinal 

epithelia [9–11]. This was further supported by studies performed in various types of epithelia (of the 
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kidney, bladder and intestinal mucosa) that have confirmed changes in permeability that are 

regulated by phosphorylation related contractile changes at the apical junctional complex. These 

changes are thought to primarily regulate paracellular movement of water and small- molecular 

weight solutes [12–14]. Such paracellular permeability of tight junctions varies among different 

tissues and also within the same type of epithelia depending on the type of a particular stimuli and 

on whether a small molecule solute or a large macromolecule is being allowed to pass through the 

epithelial barrier [15]. Furthermore, the integrity and stability of the epithelial barrier is dependent 

on the regulation of NMM and other cell junction associated proteins including epithelial cadherin 

(E-cadherin), smooth muscle actin, and kinesin. E-cadherin plays an essential role in the formation of 

AJ and associates with several proteins that are involved in linking the actin cytoskeleton at the 

plasma membrane [8]. The actin cytoskeletal structure consists of a myriad of proteins including actin 

and proteins such as the myristoylated alanine rich C kinase substrate (MARCKS) and filamin that 

crosslink actin. The actin cytoskeleton plays an important role in maintaining the dynamic 

organization of tight junctions [16] and it serves as an organizing center that allow for the regulation 

of membrane proteins [17–19]. Microtubules have also been shown to regulate epithelial tight 

junction structure and function [20]. The microtubule-dependent molecular motors, kinesins were 

also shown to be enriched at the apical junctional complex (AJC) which regulates cell polarity, 

intercellular adhesion, and paracellular permeability [21]. 

Our prior studies have shown that BNP decreases intestinal absorption in mice [22,23]. The 

mechanism of these effects of BNP in the GI tract is unknown. However, some of the other known 

biological effects of BNP are mediated through mechanisms that result in smooth muscle cell 

relaxation [24–26]. We thus aimed to test whether BNP would have an effect on the expression and 

localization of NMM-II in the contractile structures of the intestinal villi, thereby suggesting an effect 

on the contractility of the villi and hence indicating a possible mechanism for the previously observed 

effect of BNP on gastric emptying and intestinal absorption. In addition, since prior transmission 

electron micrographic (TEM) imaging of intestinal villi has shown contractile changes at the level of 

the AJ that correlated with various degrees of epithelial permeability, we also obtained TEM imaging 

of BNP treated vs. control intestinal epithelial tissue to investigate the structural changes that could 

be due to BNP.  

We present here whole mouse and tissue derived immunohistochemical imaging and 

biochemical data showing the effect of BNP on the localization of NMMII in the intestinal villi. 

Additionally, the significance of these change are discussed. 

2. Results 

2.1. Increased Localization of NMM-II along the Crypt and Core of the Intestinal Villi of BNP Treated Mice 

Intestinal tissue of jejunum, ileum and colon from BNP treated mice revealed increased 

localization of NMM-II along the crypt and core of the intestinal villi compared to tissue from vehicle 

control mice as shown in Figure 1.  
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Figure 1. Immunohistochemical analysis of 3µm sections of NMM-II in intestinal tissue. Intestinal 

tissue (J-Jejunum, I-Ileum and C-Colon) were fixed and stained with antibodies against non-muscle 

myosin II B in control vs. BNP treated mice. Tissue from BNP treated mice shows increased 

localization of NMM-II along the core and crypt of the intestinal epithelial villi with intensity of 

localization decreasing from ileum to colon. 

This increased localization is most pronounced in the proximal gut (the ileum) compared to 

distal gut (colon). Our negative control image as shown in Figure 2 shows that there is very little (if 

any) background binding. 
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Figure 2. Negative control immunohistochemistry experiment. Ileal tissue with omission of the 

primary antibody shows very limited or no background binding. 

2.2. Microvilli from BNP Treated mice Assume a Relaxed State  

As shown in Figure 3, TEM imaging shows that the villi/microvilli of intestinal epithelial tissue 

from BNP treated mice lost the typical ‘fanning’ appearance of contracting microvilli and assumed a 
‘relaxed’ state.  

 

Figure 3. Thin-section transmission electron micrograph of representative ileal epithelial tissue from 

control vs BNP treated mice BNP treated tissue epithelium shows microvilli that have lost the usual 

separation (‘fanning’) which is seen in contracting microvilli. X 10,000. 

2.3. BNP infusion Attenuates NMM-II Protein Expression Mainly in the Jejunum  

To determine if BNP infusion affects the protein expression of NMM-II in different segments of 

the small intestine, we dissected and homogenized the main segments of the small intestine. Western 

blot and densitometric analyses show protein expression of NMM-II is greater in the jejunum and 

ileum compared to its expression in the duodenum. Next, we examined regional protein expression 

levels of NMM-II in intestinal tissue from mice infused with either BNP or vehicle. Figure 4A,B shows 

NMM-II protein expression in the jejunum is significantly reduced in mice infused with BNP 

compared to mice that received vehicle. 
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Figure 4. Western blot and densitometric analysis of NMM in the small intestine of mice infused with 

BNP or vehicle. A. Western blot showing endogenous levels of NMM protein expression (top blot) in 

the duodenum, jejunum. and ileum and the effect of BNP infusion compared to the infusion of vehicle 

(VEH). Western blot for actin used to assess lane loading. B. Densitometric analysis of the 

immunoreactive NMM band in the Western blot in panel A normalized to the actin band. * represents 

a p-value<0.05.  

2.4. BNP Infusion does not Alter Smooth Muscle Actin Protein Expression in the Small Intestine  

Since smooth muscle actin is an integral part of the contractile sarcomeric belt at the AJC and 

associates with NMM, we investigated whether BNP infusion alters its density in different segments 

of the small intestine. Western blot and densitometric analysis did not show any appreciable 

differences in smooth muscle protein expression in the duodenum, jejunum, or ileum for mice infused 

with BNP compared to vehicle (Figure 5).  

 

Figure 5. Western blot and densitometric analysis of smooth muscle actin in the small intestine of 

mice infused with BNP or vehicle. A. Western blot showing endogenous levels of smooth muscle actin 

protein expression (top blot) in the duodenum, jejunum. and ileum of mice infused with BNP or 

vehicle (VEH). Western blot for actin used to assess lane loading. B. Densitometric analysis of the 

immunoreactive smooth muscle actin band in the Western blot in panel A normalized to the actin 

band.  

2.5. E-cadherin Protein Expression is Attenuated in Distal Parts of the Small Intestine after BMP Infusion 

E-cadherin is another protein that is known to associate with NMM. Therefore, we investigated 

whether BNP infusion, compared to infusion of vehicle alters E-cadherin protein expression in 
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different segments of the small intestine. As shown in Figure 6, there was a significant decrease in E-

cadherin protein expression in the jejunum and ileum in BNP infused mice compared to vehicle 

infused mice. The basal protein levels of E-cadherin in the duodenum were comparable between the 

groups (Figure 6).  

 

Figure 6. Western blot and densitometric analysis of E-cadherin in the small intestine of mice infused 

with BNP or vehicle. A. Western blot showing endogenous levels of E-cadherin protein expression 

(top blot) in the duodenum, jejunum. and ileum and the effect of BNP infusion com-pared to the 

infusion of vehicle (VEH). Western blot for actin used to assess lane loading. B. Densitometric analysis 

of the immunoreactive E-cadherin band in the Western blot in panel A normalized to the actin band. 

* represents a p-value<0.05. 

2.6. Kinesin Protein Expression in the Small Intestine is not Altered by BNP Infusion  

Additionally, we investigated whether BNP infusion alters kinesin protein expression in 

different segments of the small intestine. Western blot and densitometric analysis did not reveal any 

significant changes in kinesin protein expression in any segment of the small intestine after infusion 

of BNP when compared to vehicle (Figure 7). 

 

Figure 7. Western blot and densitometric analysis of kinesin 5B in the small intestine of mice infused 

with BNP or vehicle. A. Western blot showing endogenous levels of kinesin protein expression (top 

blot) in the duodenum, jejunum. and ileum of mice infused with BNP or vehicle (VEH). Western blot 

for actin used to assess lane loading. B. Densitometric analysis of the immunoreactive kinesin 5B band 

in the Western blot in panel A normalized to the actin band. 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 May 2023                   doi:10.20944/preprints202305.0012.v1

https://doi.org/10.20944/preprints202305.0012.v1


 7 

 

3. Discussion 

Structures necessary for force generation and mechanotransduction such as actin and myosin 

and their associated proteins are integral components comprising the cytoskeleton of intestinal villi 

[12,14,28–30]. Even though the mechanism of contraction in the intestinal villi is not very well 

understood, different studies have reported mechanisms of contraction that are both ATP and 

calcium dependent with other studies reporting calcium independent mechanisms of contraction 

[31–33]. One study reported contraction at the tight junctions but not of the microvilli themselves 

[12].  

Our immunostaining fluorescence images show that the localization of NMMII is increased 

along the crypt and core of the villi in intestinal tissue from BNP treated mice compared to control 

which may be an indication that the enhanced distribution corresponds to a change in tautness of the 

villus core which would have an effect on force generation along the tight junction of the microvilli 

[34]. Our electron micrographic observations indicate BNP treated mice lose the typical ‘fanning’ or 
separated appearance that is characteristic of contraction at the crypt region of the intestinal 

microvilli. A similar appearance was previously shown to be due to contraction at the tight junction 

regions involving a circumferential contractile ring [14]. Tight junction contraction in turn results in 

increased paracellular permeability [13,29,35]. Therefore our electron micrographic observation 

showing decreased contraction of the contractile ring at the tight junction in BNP treated mice 

supports the hypothesis that BNP makes the tight junctions of intestinal villi less permeable to water 

and small molecular weight solutes.  

Our Western blot and densitometric analyses showed non-muscle myosin and E-cadherin are 

significantly attenuated in the small intestine of BNP infused mice compared to mice infused with 

vehicle. E cadherin are integral part of the actin belt (sarcomere belt) at the AJC; and are involved in 

mechano-transduction and modulation of epithelial cell polarity and shape [36–38]. Theses 

mechanical effects in turn have been shown to influence paracellular permeability. Western blot and 

densitometric analysis showed alpha smooth muscle actin and kinesin proteins in the different 

segments of the small intestine were unaffected by BNP infusion.  

E-cadherin plays a critical role in maintaining structural integrity, polarity and contractility of 

the tight junctions [39–41]. Our prior studies have shown that BNP decreased intestinal absorption in 

the whole animal mouse model [22,23]. The observation from this current study of reduced 

expression and differential localization of NMMII and E-cadherin that was observed in intestinal 

tissue from BNP infused mice compared to vehicle points to at least one of the potential mechanisms 

for the effect of BNP on gastrointestinal tissue. Transcellular transport of electrolytes and nutrients 

(e.g., sodium and glucose) is generally an active process involving gradient differences and carriers 

such as the sodium glucose co-transporter (SGLT1) and it is accompanied by increased tight junction 

permeability to small solutes [35]. Physiologically such coordination between the transcellular and 

paracellular pathways of absorption would confer homeostatic advantage; as it would allow 

regulated (transporter mediated) absorption while directing water and small solutes to the tight 

junction. Utilizing BNP (and possibly the other natriuretic peptides) for this process would have 

homeostatic benefits; especially in states when there is a need to regulate total body volume as in the 

case of heart failure, by decreasing free paracellular movement of water while still permitting apical 

transport of nutrients. Although the effect of BNP and natriuretic peptides in general on permeability 

of intestinal epithelia has not been extensively studied in the past, it is known that natriuretic peptides 

have an effect on permeability of other epithelia such as the vascular endothelium [42–45]. Studies 

that have looked into this effect of ANP and BNP on permeability of pulmonary vascular epithelium 

have shown that these effects were at least partially reproduced by cGMP or cGMP analogs [46–49]. 

A more direct effect that is independent of cGMP was also shown for ANP [45]. Similarly, other 

studies that have investigated the effect of ANP on counteracting the inflammation associated 

endothelial permeability have shown that this effect is mediated by NPR-A and cGMP and it is 

targeted at cytoskeletal actin organization [50,51]. To our knowledge, this is the first study 

investigating the differences in regional protein expression and relative changes of non-muscle 

myosin and associated proteins in mouse intestinal tissue after infusion with BNP compared to 
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vehicle. Although more research needs to be done in this area, our immunostaining and electron 

micrographic imaging, as well as biochemical data coupled with what is previously known about 

epithelial tight junction function lends enough support to our hypothesis that BNP has an effect on 

the contractile structures of intestinal microvilli and that these findings are associated with decreased 

paracellular permeability. Moreover, further elucidation of the specific mediators and signaling 

mechanisms for the observed effect of BNP could lead to the identification of novel therapeutic 

targets for various disease states such as heart failure where volume regulation, and modulating 

gastrointestinal fluid and electrolyte absorption is crucial.  

4. Materials and Methods 

Animals  

Wild-type (C57BL/6) mice 8-12 weeks of age were purchased from Jax labs. The mice weighed 

18-26 grams at the time of the experiment. BNP was purchased from Phoenix pharmaceuticals (Rat, 

BNP-32, Phoenix Pharmaceuticals, 011–14, Lot # 421752) and was dissolved in modified Krebs 

solution (vehicle). The vehicle was used as a negative control.  

Wild-type (WT) C57BL/6 mice were given a bolus of BNP at 10 ng/g body weight in 100 μl of 
vehicle followed by infusion of BNP at 1ng/g for 30 minutes. As a control, a group of mice were given 

100 μl of vehicle followed by an infusion of equal volume of vehicle for 30 minutes. After the 30-

minute infusion, the mice were euthanized and intestinal tissue removed and sectioned into, 

duodenum, jejunum, and ileum following anatomical demarcations.  

Immunostaining  

Gastric and intestinal tissue was fixed in 4% paraformaldehyde overnight at 4°C and washed 

with phosphate buffered saline (PBS) for 15 minutes twice at room temperature with gentle rocking. 

The tissues were then subject to dehydration and permeabilization by placing them in ascending 

concentrations of 30, 50 and 70 % methanol each for 15 minutes. Then the tissues were placed in a 

solution composed of 100 % methanol: DMSO: 30% H2O2 prepared at a ratio of 4:1:1. The tissue was 

left in this solution overnight at 4°C and washed the next morning in 70% methanol for 30 minutes 

at room temperature with gentle rocking. Rehydration was accomplished by serially placing the 

tissue in 70% methanol/PBS for 30 minutes while rocking, 50% of methanol/PBS while rocking, 1 ml 

of 1XPBS for 30 minutes while rocking, 1 ml of PBSMT (PBS, milk, Tween 20) for 30 minutes with 

rocking twice before the tissue was incubated overnight with 1 ml of primary antibody diluted in 

PBSMT (1:250) with rocking at 4 °C. The next morning the tissue is rinsed with PBSMT 2x with 1 ml 

for 1 hour at 4°C, 4 x in 1 ml for 1 hour each at room temperature. Next the tissue is incubated 

overnight with 1 ml of the secondary antibody diluted in PBSMT (1:250) at 4°C while rocking and 

washed as described above with PBSMT and rinsed with PBT (PBS and Tween -20 equal 

concentration). Post fixing was performed in 4% paraformaldehyde in PBS at 4° C overnight. 

Dehydration was performed in the following sequence: 1 ml of PBT quick rinse, 1ml PBT for 30 

minutes at room temperature, 1 ml 50 % methanol for 30 minutes, 1 ml of 70 % methanol for 30 

minutes at room temperature; 1 ml of 100 % methanol 30 minutes at room temperature twice. Plastic 

embedding was achieved by transferring the tissue from 100% methanol to araldite embedding 

medium and kept in medium for 3 hours. The tissue was then transferred into a fresh embedding 

medium into a mold on araldite rafts and the mold was kept overnight in a 60° C oven to allow the 

araldite to harden. The hardened plastic embedded tissue was then trimmed and sectioned using a 

microtome at 1-3 μm thickness. The sections were passed automatically into water, are transferred 

onto a slide and allowed to dry for 5-10 minutes on the surface of a hot plate. The first and last section 

were placed on one side and stained with toluidine blue to guide orientation. Details of the above 

technique and protocol are described by Linask and Tsuda [27]. Fluorescence imaging was obtained 

using a Nikon Optiphot II microscope.  
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SDS-PAGE and Western blotting 

Regional protein expression was examined from freshly isolated mice intestinal tissue obtained 

from mice infused with either BNP or vehicle. Briefly, isolated whole tissue sections of the stomach, 

duodenum, jejunum, and ileum were homogenized in tissue protein extraction reagent (TPER) 

(Thermo Scientific) supplemented with protease and phosphatase inhibitors (Thermo Scientific). A 

BCA assay was performed to determine protein concentration. Eighty micrograms of total protein 

per lane was resolved on 4-20% gradient sodium dodecyl sulfate polyacrylamide gels at 200V for one 

hour. The proteins were electrically transferred onto nitrocellulose membranes for immunoblotting. 

The membranes were blocked in 5% non-fat dry milk in Tris Buffered Saline (TBS) (BIO RAD) before 

being probed with specific primary antibodies (anti-non muscle myosin heavy chain II-B (BioLegend; 

San Diego, CA), anti-alpha smooth muscle actin (BioLegend; San Diego, CA), anti-kinesin 5B (Novus 

Biologicals (Centennial, CO), anti-E-cadherin (Cell Signaling Tech; Danvers, MA) each prepared at a 

1:1000 dilution in 5% bovine serum albumin (BIO RAD) TBS. After a series of three washes with 

1XTBS, the membranes were incubated with anti-mouse, anti-rat, or anti-rabbit (BIO RAD) secondary 

antibody prepared at a dilution of 1:3000 in 5% non-fat dry milk in 1XTBS. After extensively washing 

the membranes four times with 1XTBS, the membranes were incubated with ECL reagent (BioRad) 

and then developed using an imaging system (BioRad). The band intensities from the Western blots 

were quantified with NIH Image J software and the signals were normalized to beta actin. 

Electron microscopy 

Tissue samples (BNP treated vs. control) were fixed on ice, immediately after dissection, in a 

2.5% glutaraldehyde–2.0% para-formaldehyde solution containing 0.1 M cacodylate buffer (pH 7.4). 

Samples were postfixed in cacodylate-buffered 1% OsO4 for 2 h at 4°C. After dehydration in graded 

alcohol, tissue pieces were embedded in a mixture of eponaraldite. Ultrathin sections were stained 

with uranyl acetate and lead citrate and were imaged on the Hitachi H-7000 electron microscope in 

transmission mode. Transmission Electron Microscopy (TEM) imaging was done at the USF, School 

of Public Health electron microscopy facility. Tissue section that was not treated with the first 

antibody was used as a methodological control to evaluate the potential of nonspecific binding. 

Statistical Analysis 

Data is presented as mean values ± SEM. SigmaPlot software (Jandel Scientific, CA, USA) was 

used to plot the data and to perform a student t-test for determining statistically significances 

between the two groups. 
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